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I H T B O n n C T I O H
IKTBODUCTICM
The phenomena o f  t o r s i o n a l  v i b r a t i o n s  in  en g in e  s h a f t s  have  
c r e a t e d  e n g i n e e r i n g  p rob lem s  o f  t h e  f i r s t  im p o r ta n c e .
W hile  p o s s i b l y  t h e  c o n d i t i o n s  have been d e m o n s t r a te d  w i th  
a l l  e n g in e s  t h e y  a r e  most c o n sp ic u o u s  in  t h e  i n t e r n a l  
com bus t ion  t y p e s .  In  p a r t i c u l a r ,  t h e  r a p i d  p r o g r e s s  o f  
t h e  D i e s e l  e n g in e  h as  g iv en  r i s e  to  ex trem e  d i f f i c u l t i e s  
o f  t h e  k i n d ,  and th e  l a r g e  s c a l e  on which such e n g in e s  a r e  
b u i l t  makes t h e  p r o b a b i l i t y  o f  f a i l u r e  a s e r i o u s  m a t t e r  
t h a t  compels  th e  most c a r e f u l  a t t e n t i o n  to  a l l  t h e  f a c t o r s  
o f  t h e  prob lem .
The fu n d a m e n ta l s  o f  v i b r a t i o n  t h e o r y  a r e  q u i t e  s u f f i c i e n t  
f o r  an u n d e r s t a n d i n g  o f  th e  phenomenon. The s y n c h r o n i s a t i o n  
o f  a p e r i o d i c  e n g in e  im pulse  w i t h  t h e  n a t u r a l  p e r i o d  o f  
th e  s h a f t  sys tem  and t h e  s e v e r e  c y c l i c a l  s t r e s s e s  t h a t  may 
t h e r e b y  be c r e a t e d  a r e  s im ple  c o n d i t i o n s  t h a n  can be 
e a s i l y  a p p r e c i a t e d .  M a t e r i a l  f a t i g u e ,  due t o  r e p e a t e d  
a c t i o n s ,  w i l l  a c c o u n t  f o r  any f a i l u r e  t h a t  may t a k e  p l a c e .
But t h e s e  a r e  q u a l i t a t i v e  c o n c e p t i o n s  and a r e  w h o l ly  
in a d e q u a t e  i n  a d e s i g n  p r o c e s s  t h a t  a t t e m p t s  t o  e sca p e  t h e  
d i f f i c u l t i e s .  Design r e q u i r e s  p r e c i s e  q u a n t i t a t i v e  
i n f o r m a t i o n  on a number o f  p o i n t s  t h a t  a r e  q u i t e  r e a s o n a b l y  
i g n o r e d  in  g e n e r a l  t h e o r y  b u t  a r e  im p o r t a n t  in  p r a c t i c a l  
c o n s t r u c t i o n .
C h i e f  amongst t h e s e  e s s e n t i a l  f a c t o r s  a r e  t h e  e l a s t i c  and 
damping p r o p e r t i e s  o f  th e  c o n s t r u c t i o n .  In b o t h ,  t h e o r y  
works  m a in ly  w i th  o v e r a l l  r e p r e s e n t a t i o n s .  Both ,  how ever ,  
r e q u i r e  d e t a i l  s p e c i f i c a t i o n  f o r  a c c u r a t e  e s t i m a t e s  o f  
c r i t i c a l  s t a t e s .  W hile  t h e  im p o r tan c e  o f  t h e s e  i s  now 
w e l l /
zw e l l  u n d e r s t o o d  and i n v e s t i g a t i o n s  o f  v a r i o u s  k in d  a r e  
f a i r l y  num erous ,  t h e i r  f u l l  s i g n i f i c a n c e  have o n ly  been 
a p p r e c i a t e d  a f t e r  many f a i l u r e s .  In f a c t ,  t h e  s e r i o u s n e s s  
o f  c r i t i c a l  c o n d i t i o n s  and th e  n e c e s s i t y  f o r  c lo s e  
i n v e s t i g a t i o n  o f  what a p p e a r s  to  be t r i f l i n g  d e t a i l ,  a r e  
l e s s o n s  t h a t  were l e a r n e d  a t  e x c e s s i v e  c o s t .
We a r e  h e r e  co n ce rn e d  w i th  th e  p rob lem s  o f  s t i f f n e s s .
Damping prob lem s a r e  in  a d i f f e r e n t  c a t e g o r y ,  and have  to  
be t e s t e d  i n d e p e n d e n t l y .  The s t i f f n e s s  c h a r a c t e r i s t i c s  o f  
a c r a n k e d  s h a f t  r a i s e  many p o i n t s ,  o b v io u s  o r  u n e x p e c te d .  
A n a l y t i c a l  t r e a t m e n t s  have  been f r e q u e n t l y  made and e m p i r i c a l  
e x p r e s s i o n s  a r e  q u i t e  w e l l  known. The fo rm er  n e c e s s i t a t e s  
s i m p l i f y i n g  a s s u m p t io n s  f o r  such c o n d i t i o n s  a s  web s t i f f n e s s  
and a r e ,  t o  a l a r g e  e x t e n t ,  i n c a p a b l e  o f  r e p r e s e n t i n g  th e  
i n f l u e n c e s  o f  form changes  or  s h a f t  and p i n  c o n n e c t i o n s .
The l a t t e r  i n c o r p o r a t e  o b s e r v e d  r e s u l t s ,  g e n e r a l l y  in  
a p p ro x im a te  forms and f o r  l i m i t e d  s e r i e s ,  and do n o t  s e r v e  
to  i n d i c a t e  p o s s i b l e  e f f e c t s  due to  form changes  w h i l e  t h e y  
w h o l ly  i g n o r e  th e  c on seq uences  o f  a ssem bly  method.
The more g e n e r a l  a n a l y t i c a l  s t u d i e s  a p p ly  to  s o l i d  s h a f t  
t y p e s ,  w h i l e  t h e  b e t t e r  e m p i r i c a l  r u l e s  a p p ly  t o  th e  s m a l l e r  
h ig h  speed  e n g in e s  which u se  t h i s  c o n s t r u c t i o n .  N e i t h e r  
c l a s s  o f  i n v e s t i g a t i o n  c an ,  t h e r e f o r e ,  be h e l d  to  a p p ly  
d i r e c t l y  o r  c o n c l u s i v e l y  t o  th e  h e a v i e r  a r ra n g em e n t  w i th  
a s se m b le d  e l e m e n t s .  These i n t r o d u c e  most n o t a b l y  th e  web 
i n f l u e n c e s  and t h e  f o r c e  f i t  p rob lem  t h e r e b y  p r o v i d i n g  
v a r i a b l e s  t h a t  a r e  n o t  amenable to  t h e o r e t i c a l  t r e a t m e n t .
In  a  t h e o r e t i c a l  s e n se  t h e y  a r e  to o  complex;  and i n  a 
p r a c t i c a l  s e n se  have been  i m p e r f e c t l y  u n d e r s t o o d .
(»)/
(a )  A n a l y t i c a l  Formul ae f o r  C r a n k s h a f t  S t i f f n e s s .
The s i n g l e - t h r o w - t w o - b e a r i n g  c r a n k s h a f t  h a s  been t r e a t e d
a n a l y t i c a l l y  f o r  d i f f e r e n t  c o n d i t i o n s  o f  b e a r i n g  r e s t r a i n t  
I Z
by Timoshenko and H o lzer  . I t  i s  assumed, in  t h e i r  
t r e a t m e n t  o f  t h e  p rob lem ,  t h a t  th e  throw i s  b u i l t  up o f  
component p a r t s  and t h a t  th e  s t r a i n  induced  i n  each  p a r t  
when t r a n s m i t t i n g  t o r q u e  i s  u n a f f e c t e d  by any o t h e r  p a r t .
On t h e  a s su m p t io n  t h a t  s im ple  e l a s t i c  t h e o r y  can be a p p l i e d  
t h e  d e f o r m a t i o n  o f  each  component p a r t  i s  found from known 
e le m e n ta r y  fo rm u la e  f o r  bend ing  and t o r s i o n .
By th e  p r i n c i p l e  o f  s u p e r p o s i t i o n  o f  sm a l l  d e f o r m a t i o n s  
t h e  o v e r a l l  d e f o r m a t io n  or  t w i s t  i s  found by summing up 
t h e  s e p a r a t e  e f f e c t s  o f  a l l  t h e  p a r t s .
In  t h e i r  a n a l y s i s  c e r t a i n  web form c o n d i t i o n s  and d im ens io n s  
a r e  assumed as  b e s t  m ee t in g  t h e  r e q u i r e m e n t s  f o r  c a l c u l a t i n g  
t h e  f l e x u r a l  and t o r s i o n a l  r i g i d i t i e s  o f  t h e  web. With 
some such s i m p l i f y i n g  a s su m p t io n s  a t h e o r e t i c a l  a n a l y s i s  o f  
t h e  p rob lem  may l e a d  t o  r e s u l t s  in  c l o s e  ag reem ent  w i t h  
e x p e r im e n t  o r ,  a t  l e a s t ,  s u f f i c i e n t l y  a c c u r a t e  f o r  p r a c t i c a l  
p u r p o s e s .
I t  i s  im p o r t a n t  to  n o t e  t h a t  n e i t h e r  Timoshenko no r  H o lz e r  
c o n s i d e r s  t h e  e f f e c t  o f  web form changes  beyond th e  c r a n k -  
p i n  and j o u r n a l  c e n t r e  l i n e s .  More im p o r t a n t  s t i l l ,  
bo th  w r i t e r s  b a se  t h e i r  a n a l y s i s  o f  t h e  p rob lem  on a 
c r a n k s h a f t  o f  s o l i d  form. No a t t e m p t  i s  made by e i t h e r  to  
d e a l  w i th  t h e  b u i l t - u p  c r a n k s h a f t  and t h e  e f f e c t  o f  web f i t .
As t h e  d i s c u s s i o n  o f  th e  e x p e r i m e n t a l  r e s u l s t  t h a t  a r e  t o  
be p r e s e n t e d  i n v o l v e s  a c r i t i c a l  com par ison  w i th  t h e  
e x p r e s s i o n s  and i d e a s  o f  t h e o r y ,  i t  i s  c o n s i d e r e d  a d v i s a b l e  to  
g i v e /
g iv e  h e r e  an o u t l i n e  o f  t h e  a c c e p t e d  t h e o r e t i c a l  method.
T h is  s e r v e s  t o  e s t a b l i s h  n o t a t i o n s  and d e f i n e  th e  ap p ro x ­
i m a t i o n s  and a s su m p t io n s  u n d e r l y i n g  th e  g e n e r a l  t r e a t m e n t .
In t h e  main t h e  development  i s  a c c o r d in g  to  Timoshenko.
I t  h a s  been  e x te n d e d  to  cover  th e  case  when th e  b e a r i n g s  a r e  
n o t  f i t t e d  c l o s e  t o  t h e  c ran k  webs,  a s  i n  t h e  e x p e r im e n t s  
c a r r i e d  o u t .
I f  a p u re  t o r q u e  M i s  a p p l i e d  to  th e  ends o f  a s i n g l e - t h r o w  
c r a n k s h a f t  o u t  o f  b e a r i n g s ,  th e  s t r a i n i n g  a c t i o n s  in du ced  
w i l l  r e s u l t  in  a l a t e r a l  d i s p l a c e m e n t  o f  t h e  j o u r n a l s .
In  t h e  j o u r n a l s ,  c r a n k p in  and webs shown in  F i g . l  . t h e r e  
w i l l  be p u re  t o r s i o n  abou t  th e  axes  00,  0§ 0§ , and 
There w i l l  be ben d in g  in  th e  webs i n  a d d i t i o n .
On t h e  a s su m p t io n  t h a t  s im p le  e l a s t i c  t h e o r y  can be a p p l i e d  
t h e  r e l a t i v e  a n g u l a r  d i s p l a c e m e n t  o f  th e  o v e r a l l  gauge 
p o i n t s  E-F i s  g iv en  by:
e H ( 2 b  +  ± _  +  ^ + 2 1 1 ) ..........................  ( 1 )EP “ . C, C,. C-8 ' B3
where C, -  T o r s i o n a l  r i g i d i t y  o f  j o u r n a l
Qz s T o r s i o n a l  r i g i d i t y  o f  c r a n k p in
C3 s  T o r s i o n a l  r i g i d i t y  o f  web
B„ = F l e x u r a l  r i g i d i t y  o f  web w i t h  r e s p e c t  to
b e n d in g  in  t h e  p l a n e  p e r p e n d i c u l a r  
t o  t h e  p l a n e  o f  th e  f i g u r e .
«■
The a c t u a l  t w i s t  may d i f f e r  from t h a t  g iv e n  in  ( l )  due to  
t h e  f a c t  t h a t  t h e  e x p r e s s i o n  i s  b a sed  on th e  a s su m p t io n  
t h a t  t h e  s t r a i n  i n  e ach  component p a r t  i s  u n a f f e c t e d  by any 
o t h e r  p a r t .  A l s o ,  t h e  c r o s s - s e c t i o n  o f  t h e  web, which i s  
n o t  c l e a r l y  d e f i n e d ,  i s  assumed to  be t h a t  o f  a r e c t a n g l e  
w i th  s i d e s  r  and C, and i n  a d d i t i o n ,  t h e  e f f e c t  o f  web form 
beyond t h e  p i n  and j o u r n a l  c e n t r e  l i n e s  i s  n o t  c o n s i d e r e d .
When/
5F/G. I ./ VC-£ 'T h r
When s u b j e c t e d  t o  an i n - b e a r i n g s  t e s t ,  a s  in  e x p e r im e n t ,
w i th  b e a r i n g s  p r e v e n t i n g  any movement o f  th e  j o u r n a l s  o t h e r
th an  one o f  r o t a t i o n  a b o u t  t h e  a x i s  o f  t h e  s h a f t ,  a d d i t i o n a l  
f o r c e s  and c o u p le s  a r e  i n t r o d u c e d .  The c o n s t r a i n t  g iv e s  
r i s e  t o  a f o r c e  A and a moment M, a t  each j o u r n a l  a c t i n g  
in  a p l a n e  th ro u g h  th e  a x i s  o f  th e  j o u r n a l  p e r p e n d i c u l a r  
t o  t h e  p l a n e  o f  th e  th row .  The s t r a i n i n g  a c t i o n  induced  
in  t h e  s h a f t  i s  such t h a t  th e  e f f e c t  o f  one h a l f  o f  th e  
s h a f t  on th e  o t h e r  h a l f  can be e s t a b l i s h e d  by i n t r o d u c i n g  
an e q u a l  and o p p o s i t e  f o r c e  t o  th e  j o u r n a l  f o r c e  A a c t i n g  
a t  a d i s t a n c e  k from th e  a x i s  00,  such t h a t
M. = Al a  —§£2 and Ak r  M.
1 2
The r e l a t i v e  a n g u la r  d i s p l a c e m e n t  o f  t h e  o v e r a l l  gauge 
p o i n t s  E-F i s  t h e n  g iv e n  b y : -
2.Mb A(fe-'f)o- . ZACft-~£)K. .
EF c, **■ Ca Cs Bs
and s i n c e  A »
+  + T ^ r f i -...............f e )
The i n - b e a r i n g s  o v e r a l l  a n g le  o f  t w i s t  f o r  any g iv en  
t w i s t i n g  moment M i s  t h u s  r e a d i l y  found i f  t h e  b e a r i n g  
r e a c t i o n  A i s  known.
T h is  i s  o b t a i n e d  from t h e  c a l c u l a t e d  v a lu e  o f  k which may 
be d e t e r m i n e d  as  f o l l o w s
Assume one h a l f  o f  t h e  c r a n k ,  b e f o r e  s t r a i n i n g ,  to  be 
r o t a t e d  a b o u t  th e  j o u r n a l  a x i s  an amount e q u a l  to  one h a l f
t h e  a n g le  0-™ g iv e n  by ( 2 ) .  The mid p o i n t  o f  th e  c r a n k - p i n
EF
w i l l  t h u s  move fo rw ard  a d i s t a n c e  r  • I f  t h e  j o u r n a l
2
i s  now f i x e d  a t  t h e  gauge p o i n t  K, d i s t a n t  b from t h e  web, 
a n d /
7and a fo b c e  A and cou p le  M a p p l i e d ,  t h e  mid p o i n t  o f  th e  
c r a n k - p i n  w i l l  be d i s p l a c e d  back a d i s t a n c e  and w i l l
t h u s  have  no d i s p l a c e m e n t  p e r p e n d i c u l a r  to  th e  i n i t i a l  
p l a n e  o f  t h e  c r a n k .  The deformed c rank  i s  shown in  F i g .  1(a) 
The d i s p l a c e m e n t  o f  t h e  p o i n t  0 may now be e q u a ted  t o  th e  
sum o f  t h e  d i s p l a c e m e n t s  o f  th e  p o i n t  0 r e s u l t i n g  from th e  
s t r a i n i n g  a c t i o n s  induced  in  th e  s e p a r a t e  p a r t s .
The s e p a r a t e  d i s p l a c e m e n t s  w i l l  be due to
A n 3(a )  F l e x u r e  o f  C rankp in  g  (3)24 “ 2.
where r  F l e x u r a l  r i g i d i t y  o f  c r a n k p i n .
(b)  Shea r  in  Crankp in  g  (4)
where  y g C o n s t a n t  t a k e n  to  be 1 .2
r -
3
(c)  T w is t in g  o f  web a b o u t  a x i s  pp z * (5 )
A  C-
where G.« z T o r s i o n a l  r i g i d i t y  o f  web c o n s i d e r e d  
r e c t a n g u l a r  c r o s s - s e c t i o n  w i th  
s i d e s  h and c.
(d) Bending o f  web g "**)_    (6)
(e )  Shear  i n  web -  .... ............................................ ( 7 )
3
where F* = C r o s s - s e c t i o n  o f  web t a k e n  on 00.3
( f )  S h e a r  i n  web g ■ ................................................. (®)
F3<*
where F, g C r o s s - s e c t i o n  o f  web on l i n e  pp
3 w hich ,  n o t  b e in g  c l e a r l y  d e f i n e d ,
i s  t a k e n  as  r e c t a n g u l a r  w i t h  s i d e s  
r  and c .
(g)  T w is t  o f  web a b ou t  0a 0^ g . . . * ( 9 )
(h)  T w is t  i n  j o u r n a l  b =  (10)
b y /
aby s u b s t i t u t i n g  th e  e x p r e s s i o n  f o r  ©gF g iv e n  in  (2) and
T h is  i s  t h e  form o f  th e  e x p r e s s i o n  f o r  k g i v e n t y  Timoshenko 
when th e  b e a r i n g s  a r e  f i t t e d  a g a i n s t  t h e  c rank  webs.
The b e a r i n g  r e a c t i o n  A can be o b t a i n e d  from th e  c o n d i t i o n  
Ak * M, where  M i s  th e  known a p p l i e d  t o r q u e .
Due to  t h e  b e a r i n g s  b e in g  a t  a d i s t a n c e  b^ from th e  webs 
i n  t h e  e x p e r im e n t s  c a r r i e d  o u t  th e  mid p o i n t  of  th e  c r a n k ­
p i n  w i l l  have  a d i s p l a c e m e n t  due to  th e  f l e x u r e  o f  p a r t  b^ 
o f  t h e  j o u r n a l  t o g e t h e r  w i th  a d i s p l a c e m e n t  due to  sh e a r  
o f  t h e  j o u r n a l ,  F ig .  1 ( b ) .
( i )  F l e x u r e  o f  j o u r n a l  =
Mp u t t i n g  —jj-  f o r  A we o b t a i n : -
( i d
■a-b? +  Ab,a ( a 4- x h ’) +  A b . C a + z h f -
3B* I B i
where B]_ a  F l e x u r a l  r i g i d i t y  o f  j o u r n a l .
( 1 2 )
( j )  Shear  o f  j o u r n a l  - X f t b .  ...............................
F.C?
where F^  ^ a  C r o s s - s e c t i o n  o f  j o u r n a l .
(13)
By s u b s t i t u t i n g  f o r  A th e  f o l l o w i n g  te rm s  must be
i n c l u d e d : -
b? . bH a+ x H ^  -I- b .U ^ z h ) * ' . ^  b» 
SB, X B i  4  ft. F,Q
and t h e  v a lu e  o f  k i s  g iv en  b y : -
k 2 £ a ± i i i ) +
X Bi 4  Bi F|Q
(14)
t h e  b e a r i n g  r e a c t i o n  A i s  t h u s  i n f l u e n c e d  by th e  p o s i t i o n  
o f  t h e  b e a r i n g  r e l a t i v e  to  th e  web.
(b)  E m p i r i c a l  Formulae f o r  C r a n k s h a f t  S t i f f n e s s
There  i s  a s s o c i a t e d  w i th  any t h e o r e t i c a l  a n a l y s i s  o f  t h e  
s t a t i c  s t i f f n e s s  o f  a c r a n k s h a f t  t h e  u n c e r t a i n t y  o f  t h e  
e r r o r  i n v o lv e d  c o n seq u e n t  to  th e  s i m p l i f y i n g  c o n d i t i o n s  
assumed.  There  i s  a r e a s o n a b l e  p r o b a b i l i t y  o f  t h e  webs 
e f f e c t i n g  a r e d u c t io n s  i n  th e  t w i s t  ind u ced  i n  t h e  c r a n k ­
p i n  and j o u r n a l s .  There i s ,  on th e  o t h e r  h a n d ,  a 
p o s s i b i l i t y  o f  t h e  t w i s t  i n  th e  p i n  and j o u r n a l s  p e r s i s t i n g  
some d i s t a n c e  i n t o  t h e  webs.
E f f o r t s  have n o t  been l a c k i n g  in  an a t t e m p t  to  d eve lop
fo rm u la e  b a se d  on th e  r e s u l t s  o f  s t a t i c  t o r s i o n  t e s t s .
3
A s e m i - r a t i o n a l  fo rm u la  by Seelman assumes t h a t  th e
i n f l u e n c e  o f  each  c ra n k  web i s  e q u i v a l e n t  to  a l e n g t h e n i n g
o f  t h e  c r a n k - p i n  by 0 .4 5  web t h i c k n e s s .  T h is  v a lu e  was
d e t e r m i n e d  by com par ison  w i th  t e s t  r e s u l t s  o f  t o r s i o n a l
e x p e r i m e n t s .
4
B.C. C a r t e r  h a s  p u t  fo rw a rd  an e m p i r i c a l  fo rm u la  evo lv ed  
from t h e  r e s u l t s  o f  s t i f f n e s s  t e s t s  on a number o f  m ar in e ,  
a i r c r a f t ,  and motor c a r  c r a n k s h a f t s .  This  fo rm u la  
e x p r e s s e s  t h e  c r a n k s h a f t  s t i f f n e s s  in  te rm s  o f  t h e  
e q u i v a l e n t  l e n g t h  o f  j o u r n a l  s h a f t i n g .
I t  c o m p r ise s  t h r e e  t e rm s  and i s  g iv e n  b y : -
where  *£* a e q u i v a l e n t  l e n g t h  o f  j o u r n a l  s h a f t .  
d| a o u t s i d e  d i a m e te r  o f  j o u r n a l .
6, ■ i n s i d e  d i a m e te r  o f  j o u r n a l .
b s  l e n g t h  o f  j o u r n a l .
da a o u t s i d e  d i a m e te r  o f  c r a n k - p i n .
a i n s i d e  d i a m e t e r  o f  c r a n k - p i n .  
a s  l e n g t h  o f  c r a n k - p i n .  
w a w id th  o f  web. 
h a T h ic k n e s s  o f  web 
r  a l e n g t h  o f  th row .
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The n u m e r i c a l  c o e f f i c i e n t s  o f  t h e  t h r e e  t e rm s  were 
d e te r m in e d  by t r i a l  and e r r o r  and t h e  t e s t  r e a d i n g s  
t a k e n  were f o r  o v e r a l l  d i s t o r t i o n .
The fo rm u la e  p r e s e n t e d  by Seelman and G a r t e r  do n o t  i n c l u d e  
f a c t o r s  to  co v e r  th e  e f f e c t  o f  web form v a r i a t i o n s  
beyond t h e  c r a n k - p i n  and j o u r n a l  c e n t r e  l i n e s .  They a r e  
c o n d i t i o n e d  a l s o  by f a c t o r s  a s s o c i a t e d  w i t h  c r a n k s h a f t s  
o f  a s o l i d  form o n ly  and t h u s  f a i l  t o  d e a l  w i t h  t h e  
e f f e c t  o f  web f i t  which i s  an i n h e r e n t  f e a t u r e  o f  th e  
h e a v i e r  s h a f t  sys tem s  in  p r a c t i c e .
( c )  The -problems A s s o c i a t e d  w i th  C r a n k s h a f t  S t i f f n e s s
I f  t h e  c ran k  throw were r e d u c e d  to  ze ro  t h e n  th e  e f f e c t  o f  
t h e  webs would be to  i n c r e a s e  th e  s t i f f n e s s  o f  a s h a f t  o f  
u n i f o r m  d i a m e t e r ,  i f  t h e  c r a n k - p i n  and j o u r n a l  d i a m e t e r s  
were e q u a l .  When t h u s  l o c a t e d  t h e  webs would p r o v id e  a 
maximum s t i f f e n i n g  i n f l u e n c e .  The s t i f f e n i n g  i n f l u e n c e  
o f  any p a r t i c u l a r  web form, how ever ,  would d e c r e a s e  a s  th e  
th row i n c r e a s e d  and f o r  some p a r t i c u l a r  l e n g t h  o f  throw 
t h e  s t i f f e n i n g  i n f l u e n c e  would be r e d u c e d  to  z e ro .
The a n g le  o f  t w i s t  would t h e n  be e q u a l  to  t h a t  o b t a i n e d  
o v e r  a c o r r e s p o n d i n g  l e n g t h  of  t h e  j o u r n a l  s h a f t .
The c ra n k  webs would t h e n  be s u b j e c t e d  to  complex s t r a i n i n g  
a c t i o n s  due to  c o n d i t i o n s  induced  by th e  c rank  throw.
A lo n g  and a s h o r t  th row c ra n k ,  a s o l i d  and a f i t t e d  web 
c r a n k ,  a c ran k  w i t h  b e v e l l e d ,  c u rv e d ,  and sq ua re  webs,  
c an n o t  a l l  e q u a l l y  j u s t i f y  t h e  a ssu m p t io n  o f  u n i f o r m i t y  
in  web c r o s s - s e c t i o n  be tween t h e  c r a n k - p i n  and j o u r n a l  
c e n t r e  l i n e s .
T he /
II
The i n f l u e n c e  o f  web e l a s t i c i t y  and form t o g e t h e r  w i th  
t h e  i n f l u e n c e  o f  web f i t  a r e  th e  main p rob lem s  a s s o c i a t e d  
w i t h  c r a n k s h a f t  s t i f f n e s s .  The f i r s t  h a s  been a n a ly s e d  
by making s i m p l i f y i n g  a s s u m p t io n s  in  t h e o r y  and by t r i a l  
and e r r o r  r u l e s  b a sed  on t e s t  r e s u l t s .  The l a t t e r  h a s  
n o t  y e t  been c r i t i c a l l y  examined*
I t  would a p p e a r ,  t h e r e f o r e ,  a s  T o l l e  s t a t e s  t h a t  " th e  
p ro b lem  a s  t o  how a c r a n k s h a f t  a c t s  d u r i n g  th e  t r a n s m i s s i o n  
o f  t o r q u e  h a s ,  a s  y e t ,  n o t  been s a t i s f a c t o r i l y  e x p l a i n e d ;  
t h e  most p r a c t i c a l  way i s  to  d e te r m in e  th e  amount o f  
t o r s i o n a l  d e f l e c t i o n  due to  s e v e r a l  moments by e x p e r i m e n t a l  
r e s u l t s . 1*
Such t e s t s  a r e  n e c e s s a r y  t o  p r o v id e  p r o p e r  gu id an c e  f o r  
f u l l  t h e o r y ,  i f  t h e y  s u p p o r t  t h e  t h e o r y ,  b u t  s t i l l  more 
n e c e s s a r y  i f  t h e y  d i s c o v e r  e f f e c t s  t h a t  a r e  ig n o r e d  by 
t h e o r y .  I t  may be co n ten ded  t h a t  t h e r e  i s  no v a l i d  
t h e o r e t i c a l  a t t a c k  on t h e  b u i l t - u p  s h a f t  schemes and t h a t  
e x p e r im e n t  a lo n e  can be r e l i e d  upon f o r  p r o p e r  v iews 
r e g a r d i n g  t h e s e .
The d i f f i c u l t i e s  a s s o c i a t e d  w i th  an e x p e r i m e n t a l  s tu d y  o f  
l a r g e  s i z e  e le m e n t s  may be re d u c e d  somewhat by th e  u s e  o f  
sm a l l  s c a l e  fo rm s .  I n v e s t i g a t i o n s  on models p l a y  an 
i n c r e a s i n g l y  i m p o r t a n t  p a r t  i n  modern t e c h n i c a l  r e s e a r c h  
n o t  o n ly  on t h e  s c o re  o f  conv en ien ce  b u t  a l s o  because  o f  a 
b e t t e r  a p p r e c i a t i o n  o f  t h e  powers and l i m i t a t i o n s  o f  t h e  
method.
C o r r e c t  t e s t i n g  by models  i s  n o t  m ere ly  a m a t t e r  o f  
s a t i s f y i n g  g e o m e t r i c a l  s i m i l a r i t y .  The c o n d i t i o n s  o f  
dyn am ica l  s i m i l a r i t y  have  to  be k e p t  i n  v iew .  In th e  
c a s e /
IZ
c a se  o f  e l a s t i c  s t r u c t u r e s  i t  i s  e asy  to  meet t h e s e ,  i f  
t h e r e  i s  c o n t i n u i t y  and s i m i l a r i t y  o f  s t r u c t u r e ,  and i f  
d i s t o r t i o n s  due to  s t a t i c  e x t e r n a l  l o a d s  o n ly  a r e  to  be 
c o n s i d e r e d .  But ,  where s p e c i a l  c o n d i t i o n s  a r i s e ,  such a s  
o c cu r  a t  s t r u c t u r a l  j o i n t s ,  b e a r i n g  s u r f a c e s ,  or  f i t t e d  
p a r t s ,  t h e r e  i s  c o n fu s io n  o f  th e  f a c t o r s ,  and th e  v a r i o u s  
c o n d i t i o n s  o f  s i m i l a r i t y  n e c e s s a r y  to  a t t a i n  a c o m p le te ly  
v a l i d  model canno t  be s a t i s f i e d  t o g e t h e r .
E xce p t  i n  c o n n e c t io n  w i th  b e a r i n g  e f f e c t s  t h e s e  d i f f i c u l t i e s  
sh o u ld  n o t  a r i s e  f o r  s o l i d  s h a f t  t y p e s .  Hence model 
t e s t s  f o r  t h i s  c l a s s  shou ld  g iv e  f a i r  g u id a n c e ,  on th e  
w hole ,  and t h e  s tu d y  o f  web e f f e c t s ,  i n  p a r t i c u l a r ,  by 
t h e  u s e  o f  such s h a f t  m odels ,  i s  l e g i t i m a t e .  The same 
can n o t  be s a i d ,  however ,  f o r  s h a f t s  w i th  f i t t e d  webs 
i n v o l v i n g  e l a s t i c  g r i p  and c o n t a c t  s u r f a c e  c o n d i t i o n s  o f  
v a r i a b l e  d e g r e e s .  These f a c t o r s  canno t  be p r o p e r l y  
i n c o r p o r a t e d  i n  s h a f t  models, t h a t  a r e  g e o m e t r i c a l  c o p ie s  
o f  a f u l l  s c a l e  a r r a n g e m e n t .  I t  i s  t h e r e f o r e  n e c e s s a r y  
to  examine t h e i r  e f f e c t s  i n d e p e n d e n t l y .  T h is  exam in a t io n  
may be on sm a l l  s i z e  p a r t s  b u t  th e  e s s e n t i a l  f a c t o r s  a r e  
t h e r e i n  i s o l a t e d ,  and hence  t h e  r e s e a r c h  i s  n o t  e s s e n t i a l l y  
by m ode ls .
The s l i p p i n g  o f  p i n s  and j o u r n a l s  in  c rank  webs 6 f  b u i l t - u p  
c r a n k s h a f t s  i s  a form o f  c r a n k s h a f t  f a i l u r e  which canno t  
be s a i d  t o  have  been th o r o u g h ly  i n v e s t i g a t e d .  The r e s u l t  
i s  t h a t  workshop p r a c t i c e  i n  th e  making o f  t h e s e  i m p o r t a n t  
s h r i n k  f i t  a s s e m b l i e s  v a r i e s  g r e a t l y  and s u g g e s t s  t h a t  
d i f f e r e n c e s  e x i s t  i n  t h e  minds o f  e n g i n e e r s  r e g a r d i n g  
f a c t o r s  which c o n t r o l  t h e  q u a l i t y  o f  t h e  g r i p  i n  such 
a s s e m b l i e s .
The/
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The n a t u r e  o f  th e  f i n i s h  o f  th e  m at ing  surfaces;:  d i f f e r w  
w i d e l y .  These may be machined b u t  u n p o l i s h e d  and n o t  
v e r y  smooth; t h e y  may be t u r n e d  o r  g round ,  o r  t h e y  may be 
d r y - s c r a p e d  o r  w e t - s c r a p e d  and g iv en  a h i g h  p o l i s h .
The webs may be w a te r  co o le d  or  c o o le d  o u t  in  a i r .
The s h r i n k  f i t  a l lo w a n c e  would a p p ea r  to  v a ry  w i t h i n  wide 
l i m i t s .  The a l lo w a n c e  a d o p te d  by m ar in e  c r a n k s h a f t  
b u i l d e r s  r a n g e s  between 1 and 1 .7 5  t h o u s a n d t h s  o f  an in ch  
p e r  i n c h  d i a m e te r  f o r  t h e  same q u a l i t y  o f  m a t e r i a l .
The r e s u l t s  o b t a i n e d ,  i n  many c a s e s ,  would a p p e a r  t o  be 
e q u a l l y  s u c c e s s f u l  d e s p i t e  t h e  f a c t  t h a t  a t  t h e  h i g h e r  f i t  
a l l o w a n c e s  t h e  s t r e s s  in du ced  in  t h e  bo re  l a y e r s  i s  w e l l  
above th e  e l a s t i c  l i m i t  o f  t h e  m a t e r i a l .
I t  i s  t h e  p r a c t i c e ,  i n  some p l a c e s ,  t o  l u b r i c a t e  t h e  p i n  and 
j o u r n a l s  i n  making such a s s e m b l i e s  i n  t h e  hope o f  a v o id i n g  
a p r e s e i z u r e  o f  t h e  e l e m e n t s  d u r i n g  a ssem b ly .
I s  i t  p o s s i b l e  t h a t  a s u r f a c e  c o n t a c t  f i l m  may t h u s  
s e p a r a t e  t h e  e le m e n t s  on a ssem bly  and c o n t r o l  i n  a l a r g e  
m easure  t h e  q u a l i t y  o f  t h e  g r i p  e s t a b l i s h e d ?  F a i l u r e  by 
s l i p p i n g  o f  t h e  webs on j o u r n a l s  o f  c r a n k s h a f t s  assem bled  
u n d e r  such c o n d i t io n s*  and f i t t e d  w i t h  a h ig h  sh r in k a g e  
a l lo w an ce ,  h a s  t a k e n  p l a c e  even d u r i n g  t r i a l  r u n s .
F a i l u r e  by s l i p p i n g  i s  one a s s o c i a t e d  w i th  th e  f a c t o r s  
a f f e c t i n g  t h e  g r i p  i n  an e l a s t i c  g r i p  assem bly .  Such an 
a s se m b ly ,  making u se  o f  t h e  e l a s t i c  p r o p e r t i e s  o f  th e  
m a t e r i a l ,  would r e q u i r e  t h e  f r e e  d i a m e te r  o f  th e  s o l i d  
e le m e n t  t o  be s l i g h t l y  b i g g e r  t h a n  th e  f r e e  d i a m e te r  o f  the  
h o l lo w  e le m e n t .  When such c o n d i t i o n s  o b t a i n  th e  a ssem bly  
may be made by h e a t i n g  t h e  o u t e r  o r  ho l low  e lem en t  a s  a 
s h r i n k /
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s h r i n k  f i t .  I t  may be made by p r e s s i n g  th e  h o l lo w  e lem en t  
o v e r  t h e  s o l i d  e lem en t  as  in  f o r c e  f i t  p r a c t i c e .  I t  may 
a l s o  be  made by c o o l i n g  th e  i n n e r  o r  s o l i d  e lem en t  to  an 
e x t r e m e l y  low t e m p e r a t u r e ,  by immersion in  a r e f r i g e r a n t ,  
and t h e n  a l l o w i n g  i t  t o  g r i p  th e  h o l lo w  e lem en t  a s  an 
e x p a n s io n  f i t .
The e f f e c t  o f  t h e  a ssem bly  method on th e  q u a l i t y  o f  t h e  
g r i p  e s t a b l i s h e d  in  an e l a s t i c  g r i p  a ssem bly  h a s ,  a s  y e t ,  
n o t  been  s a t i s f a c t o r i l y  a n a ly s e d  on th e  b a s i s  o f  
c o m p a ra t iv e  t e s t  r e s u l t s .  A l though many im p o r t a n t  b u i l t -  
up u n i t s  in  E a i l r o a d  p r a c t i c e  have f o r  lo n g  been e f f e c t e d  
by f o r c e  and s h r i n k  f i t  a s s e m b l i e s  o f  th e  m at ing  e le m e n t s ,  
t h e r e  i s  e v id e n c e  t h a t  t h e r e  a r e  f a c t o r s  c o n t r o l l i n g  th e  
gr ip :  i n  t h e s e  a s s e m b l i e s  which a r e  n o t  y e t  c l e a r l y  
d e f i n e d .
An e x a m in a t io n  o f  2 ,100  lo c o m o t iv e  t y r e s  on t h e  German
5
S t a t e  E a i lw ay s  by L. Koch showed t h a t  11 .16  p e r  c e n t ,  had  
become l o o s e .  From e x p e r im e n t s  made upon t h e  sh r in k a g e  
o f  t y r e s  h e . s u g g e s t s  t h a t  t h i n  t y r e s  a r e  more p rone  to  
work l o o s e ,  and t h a t  i n  a l l  c a s e s ,  a c c u ra c y  o f  m ach in in g ,  
p r e c i s e  d e t e r m i n a t i o n  o f  t e m p e r a t u r e ,  d e f i n i t e  sh r in k a g e  
a l l o w a n c e  and u n i f o r m  h e a t i n g  o f  th e  t y r e  f o r  t h e  s h r i n k i n g  
on p r o c e s s  sh o u ld  be a s s u r e d .  I t  i s  im p o r t a n t  to  n o t e  
t h a t  t h e  e f f e c t  o f  a s u r f a c e  c o n t a c t  f i l m ,  which may 
s e p a r a t e  t h e  t y r e  and th e  wheel  c e n t r e  on a ssem bly ,  h a s  
n o t  been c o n s i d e r e d  a s  a f a c t o r  a f f e c t i n g  t h e  q u a l i t y  o f  
t h e  g r i p  in  t h i s  a n a l y s i s .
Many i m p o r t a n t  e l a s t i c  g r i p  a s s e m b l i e s  a r e  made by f o r c e  
f i t s .  The u s e  o f  a l u b r i c a n t  i s  a c h a r a c t e r i s t i c  f e a t u r e  
a n d /
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and an e s s e n t i a l  r e q u i r e m e n t  t o  a s u c c e s s f u l  m at ing  o f  
t h e  e l e m e n t s  by t h i s  method o f  a ssem bly .  I t  i s  s u r p r i s i n g ,  
t h e r e f o r e ,  t h a t ,  in  s p i t e  o f  t h e  im p o r tan ce  o f  such 
a s s e m b l i e s  i n  e n g i n e e r i n g  p r a c t i c e ,  l i t t l e  o r  no a t t e n t i o n  
h a s  been g iv e n  t o  th e  p o s s i b l e  i n f l u e n c e  of  t h i s  f a c t o r  on 
t h e  a x i a l  r e s i s t a n c e  o f  th e  e le m e n ts  to  s l i p .  I f  t h e  
s u r f a c e  c o n t a c t  f i l m  sh o u ld  c o n t r o l ,  i n  a g r e a t  m easure ,  
t h e  q u a l i t y  o f  t h e  g r i p  e s t a b l i s h e d  th e n  th e  e m p i r i c a l  
fo rm u la e  p r e s e n t e d  by v a r i o u s  i n v e s t i g a t o r s  canno t  be 
r e g a r d e d  as  p r o v i d i n g  a s a t i s f a c t o r y  b a s i s  on which t o  f i x  
a f o r c e  f i t  a l lo w a n c e .
(id) O b j e c t s  o f  t h e  P r e s e n t  I n v e s t i g a t i o n s
The i n v e s t i g a t i o n s  u n d e r t a k e n  by th e  a u th o r  commenced w i th  
a  d e s i r e  t o  examine t h e  i n f l u e n c e  o f  web form. T h is  was 
t h e  outcome o f  a  f e e l i n g  t h a t  t h e  a s su m p t io n s  b e h in d  th e  
t h e o r y  o f  t h e  s u b j e c t  were r a t h e r  d r a s t i c  i n  r e g a r d  to  
t h i s  f a c t o r .  Owing t o  t h e  o bv io us  con v en ien ce  o f  model 
s i z e s  sm a l l  s c a l e  s h a f t s  o f  s o l i d  ty p e  were p ro po sed  and an 
e x a m in a t io n  o f  a g e o m e t r i c a l  s e r i e s  o f  t h e s e  f o r  s c a l e  
e f f e c t  was f i r s t  u n d e r t a k e n .  T h is  was f o l lo w e d  by an 
i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  p r o g r e s s i v e  changes i n  web 
form.
I t  was i n t e n d e d  t o  i n c l u d e  f i t t e d  webs in  t h i s  s e r i e s  b u t  
t h e s e  a t  once b ro u g h t  in  new and u n e x p e c te d  f a c t o r s  t h a t  
co m p e l led  a s p e c i a l  s tu d y  o f  f o r c e  f i t s .  T h is  i s  c a r r i e d  
o u t ,  f i r s t  o f  a l l ,  on sm a l l  s i z e  f i t t i n g s  b u t  b ecau se  o f  th e  
s i g n i f i c a n t  r e s u l t s ,  i t  i s  e x te n d e d  to  i n c l u d e  p r a c t i c a l  
a s s e m b l i e s .
T he/
Id.
The o r i g i n a l  i d e a  o f  th e  r e s e a r c h  was to  s tu d y  th e  
f e a t u r e s  o f  c ra n k  s h a f t  e l a s t i c i t y .  The i n h e r e n t  
c h a r a c t e r i s t i c s  o f  th e  f i t t e d  e lem en t  were u n e x p ec te d  
b u t  c o n s i d e r e d  o f  s u f f i c i e n t  im po r tance  to  j u s t i f y  th e  
l a t e r  c o n c e n t r a t i o n  on t h i s  f a c t o r .
I t  i s ,  t h e r e f o r e ,  th o u g h t  t h a t  t h e  p r e s e n t a t i o n  o f  th e  
work sh o u ld  f o l l o w  t h e  n a t u r a l  o r d e r  o f  development  and 
so t h e . f o l l o w i n g  p ages  d e a l  s u c c e s s i v e l y  w i th  t h e  a u t h o r ' s  
e x p e r i m e n t a l  work on a s e r i e s  o f  s i m i l a r  s i n g l e - t h r o w  
c r a n k s h a f t  m ode ls ;  on t h e  i n f l u e n c e  o f  web form on 
s t i f f n e s s  o f  t h e s e ;  on t h e  f a c t o r s  a f f e c t i n g  t h e  g r i p  in  
sm a l l  s i z e  e l a s t i c  g r i p  a s s e m b l i e s ;  and on th e  ex am in a t io n  
o f  c o r r e s p o n d i n g  i n f l u e n c e s  in  f u l l  s c a l e  wheel a s s e m b l i e s .
1INVESTIGATIQMS ON
FART I .
A SERIES OF GEOMETRICALLY SIMILAR
SINGLE-THROW CRANKSHAFT MODELS
i r
( a ) Ob.iect o f  T e ^ t? .
An e x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h e  a n g u la r  d i s t o r t i o n  o f  
c r a n k s h a f t s  by s m a l l  s c a l e  models r e q u i r e s  (a)  g e o m e t r i c a l  
s i m i l a r i t y  be tw een  th e  model and th e  f u l l  s i z e  c r a n k s h a f t ,  
and (b) th e  u s e  o f  s i m i l a r  o r  i d e n t i c a l  m a t e r i a l s  i f  t h e  
model i s  t o  g iv e  r e s u l t s  comparable  to  t h o s e  o f  t h e  f u l l  
s i z e  body.
I f  a  s i n g l e  model i s  u se d  in  such an i n v e s t i g a t i o n  i t  i s  
r e a s o n a b l e  to  s u g g e s t  t h a t  i t  sho u ld  be made to  a r e l a t i v e l y  
l a r g e  s c a l e  so t h a t  t h e  c o n d i t i o n  o f  g e o m e t r i c a l  s i m i l a r i t y ,  
which must o b t a i n ,  might  be e a s i l y  and f a i t h f u l l y  r e p ro d u c e d .  
Even t h e n ,  i t  i s  d o u b t f u l  w h e the r  d e f i n i t e  c o n c l u s i o n s  could  
be drawn w i th  a s s u r a n c e .
A more c r i t i c a l  a n a l y s i s  o f  t h e  p rob lem  would i n d i c a t e  th e  
n e c e s s i t y  o f  d e m o n s t r a t i n g  a  c l o s e  s i m i l a r i t y  o f  e f f e c t s  
when a number o f  g e o m e t r i c a l l y  s i m i l a r  models made to  w id e ly  
d i f f e r e n t  s c a l e s  were s u b j e c t e d  t o  t o r s i o n .  This  method o f  
a n a l y s i s  would p r o v id e  a b a s i s  o f  comparison and a means o f  
d e t e r m i n i n g  w h e th e r  i n a c c u r a c i e s  due t o  workmanship, which 
become more s e r i o u s  a s  t h e  s c a l e  i s  r e d u c e d ,  had  any 
a p p r e c i a b l e  i n f l u e n c e  on t h e  t o r s i o n a l  c h a r a c t e r i s t i c s  o f  
t h e  s h a f t .  On t h e  b a s i s  o f  such c o m p a ra t iv e  t e s t s  i t  would 
be p o s s i b l e  t o  s tu d y  and examine ,  w i th  g r e a t e r  c o n f id e n c e ,  
t h e  e f f e c t  o f  v a r y i n g  c o n d i t i o n s  on any one model.
The l a t t e r  method o f  i n v e s t i g a t i o n  was a d o p te d .  In  o r d e r  t o  
a s s i s t  i n  t h e  a n a l y s i s  o f  t h e  t o r s i o n a l  e f f e c t s ,  i t  was 
d e c i d e d  t o  measure  n o t  o n ly  t h e  o v e r a l l  d i s t o r t i o n ,  b u t  a l s o  
t h e  d i s t o r t i o n  o f  t h e  s e p a r a t e  e l e m e n t s ,  namely webs,  j o u r n a l s ,  
and c r a n k - p i n  o f  each model .
(b)  E x p e r im e n ta l  C r a n k s h a f t ? . /
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(b) E x p e r i m e n t a l  C r a n k s h a f t s .
Four s i n g l e - t h r o w - t w o - b e a r i n g  c r a n k s h a f t  models  were made to  
d i f f e r e n t  s c a l e s .  The s h a f t s  were machined ou t  o f  s h o r t  
l e n g t h s  o f  m i ld  s t e e l  s h a f t i n g  s u p p l i e d  by th e  Govan S h a f t i n g  
and E n g i n e e r i n g  Co. Each l e n g t h  was r o u g h ly  shaped to  
c r a n k s h a f t  fo rm ,  f i r s t  o f  a l l ,  in  a sh a p in g  machine .
S u bsequ en t  m ac h in in g  o p e r a t i o n s  were c a r r i e d  o u t  in  a c e n t r e  
l a t h e  and t h e  f i n a l  m e ta l  rem ova l  o p e r a t i o n s  were c a r r i e d  ou t  
by w e t - s c r a p i n g  t h e  s u r f a c e s .  A l l  t h e  m achin ing  o p e r a t i o n s  
on c r a n k s h a f t s  A, B, and C, shown in  F ig .  2.* were c a r r i e d  o u t  
by t h e  Author  i n  t h e  workshops o f  t h e  C i v i l  and Mechanica l  
E n g i n e e r i n g  Depar tm ent  o f  t h e  Eoyal  T e c h n ic a l  C o l l e g e ,  Glasgow. 
The c ra n k  p r o p o r t i o n s  and d im e n s io n s  o f  s h a f t  D were t a k e n  
from a f o u r  c y l i n d e r  p e t r o l  eng in e  c r a n k s h a f t ,  o f  an o l d  ty p e ,  
s t o r e d  in  t h e  C o l l e g e  w orkshops .  T h is  model was made w i th  
c y l i n d r i c a l  webs h a v in g  a d i a m e te r  e q u a l  to  t h a t  o f  th e  web 
l e n g t h  o f  t h e  f o u r  c y l i n d e r  c r a n k s h a f t .
T h is  ty p e  o f  web form gave a maximum s t i f f n e s s ,  t o  the  
e x p e r i m e n t a l  s h a f t s  and was t h e  most s u i t a b l e  one f o r  c a r r y i n g  
o u t  e x p e r i m e n t s  to  i n v e s t i g a t e  t h e  e f f e c t  o f  web form on 
c r a n k s h a f t  s t i f f n e s s .  The change i n  web form was e f f e c t e d  by 
a r e d u c t i o n  i n  t h e  web w id th  between th e  c r a n k - p i n  and j o u r n a l  
c e n t r e  l i n e s  and beyond t h e s e  c e n t r e s  by a r e d u c t i o n  in  th e  
web t h i c k n e s s  by b e v e l l i n g  th e  webs.
A l l  f o u r  s h a f t s  were machined from th e  s h a f t i n g  a s  s u p p l i e d  
by t h e  makers and when com ple ted  were n o t  s u b j e c t e d  t o  any 
s p e c i a l  t r e a t m e n t .
The four  crankshaft  models,  as  machined, are shown in F i g . Z  
The crank p r o p o r t io n s  and dimensions o f  the experim enta l  s h a f t s ,  
reduced to  the same journa l  d iam eter ,  are shown in F i g . 3  •
(I) /
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U )  C r a n k s h a f t ,  N o t a t i o n  and D im en s ion s : E i g . ^ f .  com prises
a d ia g ra m  showing th e  n o t a t i o n  a d o p te d  and a t a b l e  g i v in g  the  
d im e n s io n s  o f  t h e  v a r i o u s  models and th e  t o r s i o n a l  gauge 
l e n g t h s  o f  t h e  s e p a r a t e  e le m e n ts  o f  each c r a n k s h a f t .  Two 
l i g h t  c e n t r e  punch marks ,  180 d e g re e s  a p a r t ,  engage th e  p o i n t s  
o f  t h e  c lam p in g  screws a t  th e  gauge p o i n t s  i n d i c a t e d .  The 
gauge p o i n t s  F ,  G, H, and J  were a t  th e  ends o f  the  j o u r n a l  and 
c r a n k p i n  f i l l e t s .
A l though  c r a n k s h a f t  s t i f f n e s s  i s  u s u a l l y  measured over  a 
l e n g t h  be tween  t h e  j o u r n a l  c e n t r e s ,  t h e  gauge p o i n t s  E and 
K may be any p o i n t s  on t h e  j o u r n a l s .  These p o i n t s  were 
f i x e d ,  i n  t h e  t e s t s  which f o l l o w ,  so a s  to  be c l e a r  o f  th e  
b e a r i n g s  when i n - b e a r i n g s  s t a t i c  t o r s i o n a l  t e s t s  were c a r r i e d  
o u t .
The c r a n k s h a f t  d im en s io ns  and th e  t o r s i o n a l  gauge l e n g t h s  
t a b u l a t e d  f o r  each  s c a l e  model s a t i s f i e s  the  c o n d i t i o n  o f  
g e o m e t r i c a l  s i m i l a r i t y .  The c rank  s c a n t l i n g s  and t o r s i o n a l  
gauge l e n g t h s  a r e  shown t a b u l a t e d  in  te rm s  o f  th e  j o u r n a l  
d i a m e t e r  d, . The a v e rag e  v a l u e s  o f  th e  s c a n t l i n g  j o u r n a l  
d i a m e t e r  r a t i o s  o f  a number o f  m a r in e ,  a i r c r a f t ,  and c a r  
c r a n k s  examined by C a r t e r  a r e  g i v e n - t o  se rv e  a s  a s t a n d a r d  
o f  com par ison  in  c o n s i d e r i n g  c rank  p r o p o r t i o n s .
"Average S h a f t "  S c a n t l i n g  J o u r n a l  Diameter  B a t i o s .
d 2/d , & / / d , a/ d , r / d . 7 d ,
0 . 9 0 .4 2 0.927 1 .06 1 .29
Compared w i t h  t h e  " av e rag e  s h a f t " ,  t h e  c r a n k s h a f t  models  a re  
c h a r a c t e r i z e d  by webs which a r e  c y l i n d r i c a l  and v e ry  t h i c k ,  
and by a  c r a n k p i n  l e n g t h  and throw which a re  e x c e e d in g ly  
lo n g .
( c ) /
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(c)  P r o p e r t i e s  o f  C r a n k s h a f t  M a t e r i a l .
Two t e s t  p i e c e s  were c u t  from each o f  th e  f o u r  s h o r t  l e n g t h s  
o f  m i ld  s t e e l  s h a f t i n g  s u p p l i e d .  T e n s i l e  and s t a t i c  t o r s i o n  
t e s t s  and c h e m ic a l  a n a l y s e s  were made o f  th e  specimen® 
p r e p a r e d  and t h e  p h y s i c a l  p r o p e r t i e s  and chem ica l  com pos i t ion  
o f  each  s h a f t  m a t e r i a l  d e te rm in e d .  Youngs modulus and th e  
r i g i d i t y  modulus o f  e l a s t i c i t y  e n t e r  as th e  p r i n c i p a l  p h y s i c a l  
c o n s t a n t s  in  most e l a s t i c  e q u a t i o n s .  Although t h e s e  v a lu e s  
a r e  p r a c t i c a l l y  th e  same f o r  most s t e e l s ,  and may be assumed 
w i th  a f a i r  d e g re e  o f  a c c u r a c y ,  th e  e x p e r im e n ta l  v a lu e s  
o b t a i n e d  a l lo w  o f  e x a c t  v a l u e s  b e in g  s u b s t i t u t e d  in  subsequen t  
e q u a t i o n s .  The e x p e r i m e n t a l  v a l u e s  o b t a i n e d  o f  th e  t e n s i o n  
and t o r s i o n a l  l i m i t s  o f  p r o p o r t i o n a l i t y  o f  each c r a n k s h a f t  
s t e e l ,  which i n  g e n e r a l  may v a r y ,  c l e a r l y  d e f i n e d  th e  sa fe  
s t r e s s  c o n d i t i o n s  f o r  t h e  s t a t i c  t o r s i o n  t e s t s  o f  th e  s h a f t s ,  
i n  and o u t  o f  b e a r i n g s .
( I )  T e n s i l e  T e s t s :  These t e s t s  were c a r r i e d  o u t  on a
1 0 0 - to n  Avery h o r i z o n t a l  t e s t i n g  machine .  The e x t e n s i o n s  o f  
t h e  t e s t  p i e c e ,  0 .5 6 4  i n .  d i a m e t e r ,  were r e a d  on a 2 i n .  
gauge l e n g t h  by means o f  a M a r t e n ^  m i r r o r  e x t e n s o m e t e r .
TABLE | . -  T e n s i l e  T es t  B e s u l t s .
T e s t
P i e c e
B e f -
a*ence
S h a f t
L im i t  o f  
P r o p o r t i o n ­
a l i t y  
t o n s  
p e r  
s q . i n .
U l t im a te  
T e n s i l e  
S t r e n g t h  
t o n s  
p e r  
s q . i n .
Youngs 
Modulus 
t o n s  
p e r  
s q . i n .
P e rc e n ta g e
E lo n g a t io n
P e rc e n ta g e  
Beduct ion  
in  a r e a .
a A 1 0 .8 27.87 11,800 41 60
b B 1 0 .8 30 .0 11,260 35 48
c C 8 .0 31 .58 11,150 38 57
d D 5 .6 26 .1 10 ,840 44 63
( I I )  S t a t i c  T o r s io n  T e s t s : These t e s t s  were c a r r i e d  o u t  on
a 15 ,00 0  i i i . l b .  Avery r e v e r s e  t o r s i o n  t e s t i n g  machine .  The f r e e  
a x i a l /
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a x i a l  movement o f  t h e  chuck a t  th e  w e igh ing  end o f  t h i s
m achine  e n s u r e s  t h a t  th e  specimen i s  s u b j e c t e d  t o  pu re  
t o r s i o n .
To d e te r m in e  t h e  l i m i t  o f  p r o p o r t i o n a l i t y  and modulus o f  
e l a s t i c i t y  two sm a l l  s a d d le s  were a t t a c h e d  to  0 .0  i n .  d i a m e te r  
t e s t —p i e c e .  Each sa d d le  had  two p o i n t e d  c lamping screws 
which  engaged  w i t h  l i g h t  c e n t r e  punch marks 180° a p a r t .
The f i n a l  a d ju s tm e n t  o f  each s a d d le  on p l a n e s  4 i n .  a p a r t  
was made by a sm a l l  s e t - s c r e w  s u i t a b l y  p o s i t i o n e d  on each 
s a d d l e .  An a d j u s t a b l e  m i r r o r  o f  a M a r t e n f s m i r r o r  
e x t e n s o m e t e r  was mounted on each  s a d d l e .  The r o t a t i o n a l  
movement a t  each  p l a n e  was o b se rv e d  by means o f  two t e l e s c o p e s  
and two s c a l e s .  Each m i r r o r  r e f l e c t s  a view o f  th e  curved 
i l l u m i n a t e d  s c a l e  w i th  th e  c r o s s - h a i r  o f  .the t e l e s c o p e  l y i n g  
a c r o s s  i t .
The t w i s t  on t h e  gauge l e n g t h ,  f o r  each sm a l l  inc rem en t  of  
t o r q u e ,  was measured  by o b s e r v in g  th e  r e l a t i v e  movement o f  
t h e  two m i r r o r s .
TABLE 2. . -  S t a t i c  T o r s io n  T es t  B e s u l t s .
T e s t - p i e c e  
E e f e r e n c e S h a f t
L im i t  o f  
P r o p o r t i o n a l i t y  
t o n s  p e r  s q . i n .
Modulus o f  
R i g i d i t y  
l b . p e r  s q . i n .
a
r
A 7 .2 6 ' 11 .880  x IQ6
b B 7 .89 11 .440  x 10°
c C 6 .7 11.640 x 10°
d I) 4 .37 11.490 x 10°
( I l l )  Chemical  T e s t s :  The r e s u l t s  o f  a n a l y s i s  o f  th e
m a t e r i a l  f o r  c r a n k s h a f t s  A, B, C, and D were o b t a i n e d  from 
c u t t i n g s  o f  two t e s t - p i e c e s  t a k e n  from each  s h o r t  l e n g t h  o f  
s h a f t i n g  s u p p l i e d .
TABLE 3* ~ Chemical  Com posi t ion  o f  M a t e r i a l
S t e e l  C u t t i n g s  
R e f e r e n c e








a A 0 .2 1 0 .6 3 0 .0 1 4 0 .020 0 .043
b B 0 .2 0 0 .5 2 0 .0 0 4 0 .0 6 0 .0 4
c C 0 .2 1 0 .6 5 0 .016 0-035 0.Q47
d D 0 .2 3 0 .6 2 0 .0 0 8 0 .0 3 6 0 .0 2
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(d) E x p e r i m e n t a l  P ro c ed u re
Each c r a n k s h a f t  model was s u b j e c t e d  to  s t a t i c  t o r s i o n  t e s t s ,  
o u t - o f - b e a r i n g s  and measurements  were tak en  o f  th e  a n g u la r  
d i s t o r t i o n  o f  each i n d i v i d u a l  e lem en t  in  a d d i t i o n  to  r e a d i n g s  
o f  t h e  o v e r a l l  s h a f t  d i s t o r t i o n .
( I )  P l a n t  A r ra n g e m e n t ; I f  a pu re  t o r q u e  i s  a p p l i e d  to  
th e  ends  o f  a s i n g l e  throw c r a n k s h a f t ,  which i s  ou t  o f  
b e a r i n g s ,  t h e  s t r a i n i n g  a c t i o n s  in du ced  w i l l  r e s u l t  in  an 
a x i a l  d i s p l a c e m e n t  a s  w e l l  a s  a more pronounced  l a t e r a l  
d i s p l a c e m e n t  o f  t h e  j o u r n a l s .  Complete freedom to  any scuh 
a x i a l  and l a t e r a l  movements o f  th e  j o u r n a l s  i s  an e s s e n t i a l  
c o n d i t i o n  which must be s a t i s f i e d  in  any snnh t e s t s .
I t  was th o u g h t  t h a t  t h i s  c o n d i t i o n  would be b e s t  met by 
t w i s t i n g  th e  s h a f t s  in  a 15,000 l b . i n .  r e v e r s e  t o r s i o n  t e s t i n g  
machine and a d o p t i n g  th e  l a y - o u t  as  shown i n  F i g . 6  .
One j o u r n a l ,  f i x e d  in  th e  chuck a t  t h e  w e igh ing  end o f  the  
m ach ine ,  was c o n s t r a i n e d  d i r e c t i o n a l l y  by a b e a r i n g  p r o v i d i n g  
f r e e  r o t a t i o n a l  movement and comple te  l a t e r a l  c o n s t r a i n t .
The b e a r i n g  r e s t e d  on a t h i c k  s o l e - p l a t e  su p p o r te d  by a r i g i d  
H beam which was bedded and f i r m l y  b o l t e d  to  th e  bed o f  the  
m ach ine .
The o t h e r  end o f  t h e  s h a f t ,  machined to  r e c e i v e  one end o f  an 
a sse m b ly  made up o f  two u n i v e r s a l  j o i n t s ,  was, by t h i s  a r r a n g e ­
m ent ,  s e c u r e l y  f i x e d  t o  t h e  chuck c a r r i e d  on a s l i d i n g  
c a r r i a g e .  T h is  c a r r i a g e ,  by means o f  a screw in  th e  bed of  
t h e  m ach ine ,  c o u ld  be moved t o  s u i t  t h e  t e s t  l e n g t h  r e q u i r e ­
m ents  o f  th e  v a r i o u s  s h a f t s  t e s t e d .
T h is  method o f  f i x i n g  t h e  s h a f t ,  a l t h o u g h  accompanied by a 
b e a r i n g  c o n s t r a i n t  which was c o m p le te ,  p ro v id e d  f o r  t h e  f r e e  
l a t e r a l  movement o f  th e  j o u r n a l s  due t o  any s t r a i n i n g  a c t i o n  
in d u c e d  in  t h e  webs and c ra n k p in  when s u b j e c t e d  to  t o r q u e .
By/

F i g . g .  T o r s io n  Machine and P l a n t  L ay-ou t  f o r  S t a t i c  
T o r s io n  T e s t s  o f  C r a n k s h a f t  Models.
A. Three  g r a d u a t e d  s c a l e s  to  measure  t o r q u e s  o f  - J i n . - l b . ,
1 i n . - l b . ,  and 5 i n . - l b . ,  r e s p e c t i v e l y .
B. Hand-v/heel  t o  o p e r a t e  p o i s e s .
C. C a r r i a g e  w i th  worm g e a r  by which th e  t o rq u e  i s  a p p l i e d .
D. S t e e l  beam w i th  c a s t  i r o n  s o l e - p l a t e  r i g i d l y  f i x e d  to
bed o f  m ach ine .
E. M i r r o r s  f o r  m ea su r ing  th e  a n g u la r  d e f l e c t i o n s  o f  s h a f t s .
By t h i s  means e x p e r i m e n t a l  measurements  o f  th e  f r e e  l a t e r a l  
movement o f  t h e  j o u r n a l s  was made p o s s i b l e .
The chuck a t  t h e  w e ig h ing  end o f  t h i s  machine i s  mounted 
upon a s t e e l  s h a f t  o f  s p e c i a l  c r u c i f o r m  s e c t i o n  which i s  
s u p p o r t e d  by h a rd e n e d  s t e e l  r o l l e r s  w i t h i n  a  s l e e v e .  This  
s l e e v e ,  i n  t u r n ,  i s  c a r r i e d  by b a l l  b e a r i n g s  f i t t e d  i n t o  a 
s h o r t  column. T h is  c o n s t r u c t i o n  p e r m i t s  o f  complete  a x i a l  
f reed o m  o f  t h e  s h a f t .  A pure  t o r s i o n  t e s t  i s  t h u s  ensured .
A g e n e r a l  view o f  t h e  t o r s i o n  machine and p l a n t  l a y - o u t  i s  
g iv e n  in  F i g . £  .
( I I )  Measurement o f  Angular  D i s t o r t i o n :  A d ju s t a b le
m i r r o r s  o f  a M a r t e n f s m i r r o r  e x te n so m e te r  were a t t a c h e d  a t  
any two gauge p o i n t s  so t h a t  th e y  were in  th e  v e r t i c a l  p lane  
p a s s i n g  th ro u g h  th e  a x i s  o f  t h e  c r a n k s h a f t .  The r o t a t i o n a l  
movement a t  each p l a n e  was o b se rv e d  by means o f  two t e l e s c o p e s  
and two cu rved  s c a l e s .
The t o r q u e  a p p l i e d  was i n c r e a s e d  by r e g u l a r  in c re m e n ts  to  a 
maximum v a lu e  o f  520 l b . i n . ,  1800 l b . i n . ,  3400 l b . i n . ,  and 
4800 l b .  i n . ,  f o r  s h a f t s  A, B, C, and D, r e s p e c t i v e l y .  
T o r q u e - d e f l e c t i o n  r e a d i n g s  were t a k e n  w i th  th e  m i r r o r s  
c lam ped ,  i n  t u r n ,  a t  th e  gauge p o i n t s  E-E, E - J , E-H, E-G,
and E-F .  By t h i s  means th e  a n g u l a r  d i s t o r t i o n  o f  each
component  p a r t  was found by th e  method o f  d i f f e r e n c e .
The r e a d i n g s  were r e p e a t e d  and checked in  each c a s e .  The 
a v e r a g e  o v e r a l l  a n g le  o f  t w i s t  and th e  average  ang le  o f  
t w i s t  in d u c e d  in  each  component p a r t ,  f o r  any p a r t i c u l a r  
t o r q u e ,  was d e te r m in e d  from a s e r i e s  o f  t o r q u e - d e f l e c t i o n  
d i a g r a m s .
T y p i c a l  exam ples  o f  such d iag ram s  f o r  s h a f t s  A, B, C, and D
a r e  shown i n  F i g s . *7 9> anc*10 r e s p e c t i v e l y .
The a n g u l a r  d i s t o r t i o n  in  r a d i a n s ,  f o r  any p a r t i c u l a r  t o r q u e ,  
i s  g iv e n  by th e  d i f f e r e n c e  in  the  s c a l e  r e a d i n g s  d i v i d e d  by 
t w i c e  t h e  d i s t a n c e  from t h e  m i r r o r  to  th e  s c a l e .
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( e ) E x p e r im e n ta l  r e s u l t s
The t o r s i o n a l  s t r a i n s  induced  in  th e  s h a f t s  A, B, C, and D 
due t o  an a p p l i e d  t o r q u e  o f  250 l b . i n . ,  1000 l b . i n . ,  1000 l b . i n .  
and 3000 l b . i n . ,  r e s p e c t i v e l y ,  a r e  g iv en  in  T a b l e d  .
The v a l u e s  t a b u l a t e d  a r e  in  r a d i a n s  m u l t i p l i e d  by IQ3 .
TABLE4- ~ Angular Distortion of Crankshaft Models.
S h a f t Torque 
l b . i n .
Twist  in  r a d i a n s x 103
E-F F-G G-H H.—J J-K E-K
A 250 2 .164 0 .4397 1.389 0.4397 2 .164 6.597
B 1000 3.171 0 .6134 2 .06 0 .6134 3.171 9.629
C 1000 1 .134 0 .2199 0 .7406 0 .2199 1.134 3.449
D 3000 1 .25 0 .2431 0 .81 0 .2431 1 .25 3.796
TABLE 5• “ Calculated Angular Distortion of
J o u r n a l s  and P i n .
S h a f t Torque 
l b . i n .
Twist  in  Badians  x 103
J o u r n a l s Crankpin
A 250 ■ 2.101 1.361
B 1000 3 .185 2.065
a 1000 1.141 0.7408
D 3000 1.264 0.8202
The c a l c u l a t e d  v a lu e  o f  th e  a n g le  o f  t w i s t  o f  th o s e  p a r t s
s u b j e c t e d  t o  p u r e  t o r s i o n  o n ly  i s  g iv en  b y : -
__M___
s  G J
where M a  Torque a p p l i e d .
* D is t a n c e  between s p e c i f i e d  gauge p o i n t s  on
component p a r t .
G z Modulus o f  r i g i d i t y
J  r  P o l a r  moment o f  i n e r t i a  o f  the  c r o s s - s e c t i o n .
The a n g u l a r  d i s t o r t i o n  o f  th e  c ra n k p in  and th e  j o u r n a l s  i s  
g iv en  i n  T ab le  5 .  The v a lu e  of  th e  modulus o f  r i g i d i t y  o f  
each  s h a f t  m a t e r i a l ,  a s  d e te rm in e d  by e x p e r im e n t ,  was used  in  
each c a s e .
5+
The a n g le  o f  t w i s t  o f  each component p a r t  i s  g iv e n  as  a 
p e r c e n t a g e  o f  t h e  o v e r a l l  a n g le  o f  t w i s t  i n  Table
TABLE 6  . P e r c e n t a g e  Angula r  D i s t o r t i o n  
o f  each Component P a r t .
S h a f t P e r c e n t a g e  o f  T o ta l A ngula r D i s t o r t i o n
E-F F-G G-E E - J J>K
A 32.81 6 .665 21 .06 6 .665 32 .81
B 3 2 .9 4 6 .369 21.39 6 .369 3 2 .9 4
G 32 .88 6 .375 21.47 6.375 32.88
D 3 2 .9 4 6 .403 21 .3 4 6 .403 32 .94
CONCLUSIONS
These t e s t s  were c a r r i e d  o u t  t o  examine and compare the  
e f f e c t  o f  s c a l e .  As t h e  s c a l e  i s  r e d u c e d  i n a c c u r a c i e s  
become more s e r i o u s .  Any e r r o r s  in  t h e  model forms w i l l  
be a s s o c i a t e d  w i t h  t h e  r e s u l t s  o f  machine work and a l s o  
w i th  t h e  f i x i n g  o f  t o r s i o n a l  gauge l e n g t h s  i n  an a t t e m p t  
t o  e s t a b l i s h  g e o m e t r i c a l  s i m i l a r i t y .  A l though  i t  was 
p o s s i b l e  t o  o b t a i n  a  v e r y  c l o s e  ap p roach  to  g e o m e t r i c a l  
s i m i l a r i t y  i n  most p a r t s  o f  t h e  models t h e r e  were c e r t a i n  
m easurements  which c o u ld  n o t  be d e te rm in e d  w i th  a h ig h  
d e g re e  o f  a c c u r a c y .  I t  was d i f f i c u l t ,  f o r  i n s t a n c e ,  to  
o b t a i n  a  h ig h  d e g re e  o f  g e o m e t r i c a l  s i m i l a r i t y  in  th e  
l e n g t h s  o f  t h e  c ra n k  th ro w s  by m ach in ing  o p e r a t i o n s  
c a r r i e d  o u t  in  a g e n e r a l  p u rp o se  l a t h e .  There was a 
t e n d e n c y  a l s o ,  due t o  " s p r i n g "  in  th e  j o b ,  o f  o u t - o f -  
ro u n d n e s s  c o n d i t i o n s  b e in g  g e n e r a t e d  d u r in g  c e r t a i n  
m ac h in in g  o p e r a t i o n s .
T he /
The a n g u l a r  d i s t o r t i o n  o f  each  c r a n k s h a f t  e le m e n t ,  
g iv e n  in  T ab le  4  • e n a b l e s  th e  e f f e c t  o f  any such 
i n a c c u r a c i e s  t o  be compared and a s s e s s e d .  The 
e x p e r i m e n t a l  and c a l c u l a t e d  a n g u la r  d i s t o r t i o n  o f  
j o u r n a l s  and p i n  a r e  i n  c l o s e  ag reem en t .
The a n g u l a r  d i s t o r t i o n  o f  each p a r t  r e l a t i v e  t o  th e  
o v e r a l l  s h a f t  d i s t o r t i o n  i s  g iv en  in  Table  S  •
A v e r y  c l o s e  s i m i l a r i t y  o f  e f f e c t  i s  d e m o n s t r a te d  in  
each  s h a f t  model .  I t  i s  e v i d e n t  t h a t ,  w i th  ave rag e  
e n g i n e e r i n g  s k i l l ,  models  o f  c o n t in u o u s  s t r u c t u r a l  form 
may be made to  any s c a l e  w i th  s u c c e s s ,  and t h a t  by such 
means t h e  t o r s i o n a l  c h a r a c t e r i s t i c s  o f  a c r a n k s h a f t  
c o u ld  be examined,  b e in g  b o th  econom ica l  and r e l i a b l e .
The t e s t  r e s u l t s  i n d i c a t e  t h a t  any one model cou ld  t h u s  
be t a k e n  t o  s tu d y  and e v a l u a t e  th e  e f f e c t  o t  web form on 
c r a n k s h a f t  s t i f f n e s s .
PABT I I .




( a) S e l e c t i o n  o f  Web Forms
C r a n k s h a f t  model C. was s e l e c t e d  to  c a r r y  o u t  a s e p a r a t e  
i n v e s t i g a t i o n  on th e  e f f e c t  o f  c rank  webs form on th e  
t o r s i o n a l  r i g i d i t y  o f  a s i n g l e - t h r o w - t w o - b e a r i n g  c r a n k s h a f t .  
A change in  c rank  web form between the  p in  and j o u r n a l  
c e n t r e  l i n e s  i s  e f f e c t e d ,  in  g e n e r a l ,  by v a r y i n g  th e  w id th  
o f  t h e  web. O u ts id e  t h e s e  c e n t r e s  a r e d u c t i o n  in  the  w id th
o f  t h e  web i s  o b t a i n e d  by cham fer ing  th e  web e n d s .  The web 
form i n  many c a s e s ,  however ,  i s  c h a r a c t e r i z e d  by a r e d u c t io n  
i n  t h e  web t h i c k n e s s  a t  t h e  j o u r n a l  and p in  ends by d i f f e r e n t  
d e g r e e s  o f  b e v e l l i n g .  Seven d i f f e r e n t  t y p e s  o f  crank web
fo rm s ,  a s  shown i n  F i g . I I  were examined.
The d i s c  webs o f  c r a n k s h a f t  model C ., d e s i g n a t e d  s h a f t  1C, 
were s u c c e s s i v e l y  p l a n e d  down in  w id th  to  d imensions  shown 
i n  s h a f t s  2C, 3C, 4C, and 5C. The webs a t  t h e  crank p in  
end o f  s h a f t  5C were a f t e r w a r d s  r e d u c ed  in  t h i c k n e s s ,  by 
b e v e l l i n g ,  t o  t h e  form shown on s h a f t  60.
S h a f t  7C to o k  th e  form o f  p a r t l y  b u i l t - u p  c r a n k s h a f t ,  th e  
webs b e in g  f i t t e d  on th e  j o u r n a l  s h a f t s .  The j o u r n a l s  of  
s h a f t  6C were machined o f f  a t  t h e  crank webs. The j o u r n a l  
end o f  t h e  webs were th e n  b o red  to  d im ensions  g i v in g  a 
d i f f e r e n c e  i n  th e  f r e e  d i a m e t e r s  o f  t h e  mating  e le m e n t s ,  
web and j o u r n a l  s h a f t ,  s u i t a b l e  f o r  making a s h r in k  f i t  
a s se m b ly .  The webs were h e a t e d  by a gas b u r n e r .
The a s sem b ly  o f  web and j o u r n a l  s h a f t  1 was made w i th  the  
m a t in g  s u r f a c e s  o f  th e  e le m e n ts  p e r f e c t l y  d ry  and f r e e  from 
f i l m .  The assem bly  of  web and j o u r n a l  s h a f t  2 on the  o th e r  
hand  was made w i th  a f i l m  o f  r ap e  o i l  on th e  s u r f a c e  o f  the  
s o l i d  e l e m e n t .  This  assembly  was a f t e r w a r d s  f i t t e d  w i th  a 
s e c u r i t y  t a p e r  p in  p a s s i n g  th ro ug h  the  web and j o u r n a l  s h a f t .
(b)  E x p e r im e n ta l  P r o c e d u r e .
The s h a f t  was s u b j e c t e d ,  in  each c a s e ,  to  s t a t i c  t o r s i o n a l  
t e s t s  i n  and o u t  o f  b e a r i n g s .
F / o .  IICf?uMK Ke.e> F b xr;s of Shuf-t  su& m crn 'fc u sm * !
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(^) Crankshaft Lay-out and Measurement of
ARgu 1g r , M  .s t o r t i o n£ The c r a n k s h a f t  l a y - o u t
a d o p te d  f o r  c a r r y i n g  o u t  t h e s e  t e s t s  i s  shown in  F i g . 12. .
A g e n e r a l  view o f  th e  a c t u a l  s e t - u p  in  the  machine w i th  the  
n e c e s s a r y  m i r r o r  a t t a c h m e n t s  f o r  an i n - b e a r i n g s  s t a t i c  
t o r s i o n  t e s t  i s  g iv en  i n  F i g . 13 . The p o s i t i o n a l  s e t t i n g  o f  
th e  m i r r o r s  f o r  m easu r ing  the  o v e r a l l  a n g u la r  d i s t o r t i o n  o f  
t h e  c ra n k  i s  c l e a r l y  shown. The r o l l e r  o p t i c a l  gauges H, 
f i x e d  t o  r i g i d  a n g l e - i r o n  s u p p o r t s ,  were f i t t e d  to  measure 
th e  d e g re e  o f  b e a r i n g  c o n s t r a i n t  or  amount o f  j o u r n a l  
c l e a r a n c e .
An a t t e m p t  was made in  th e  i n - b e a r i n g  t e s t s  to  o b t a i n  c o m p le te  
l a t e r a l  c o n s t r a i n t  o f  th e  j o u r n a l s .  The b r a s s e s  were c a r e ­
f u l l y  bedded and th e  b e a r i n g s  f i x e d  to  r i g i d  s u p p o r t s  so as  
t o  p r e v e n t  any movement o f  t h e  j o u r n a l s  o t h e r  than  one of
t o t a t i o n  a b o u t  th e  a x i s  o f  th e  s h a f t .
The t o r q u e  a p p l i e d  was i n c r e a s e d  by r e g u l a r  in c rem en ts  o f  
400 l b .  i n s .  t o  a maximum v a lu e  o f  3 ,400 l b . i n s .  in  each c a se .  
M i r r o r  r e a d i n g s  were t a k e n  a t  each  o f  the  gauge p o i n t s  when 
t h e  s h a f t  was t e s t e d  in  b e a r i n g s .  By t h i s  means th e  an gu la r  
d i s t o r t i o n  o f  each  component p a r t  was d e te rm in ed .  When 
t e s t e d  o u t  o f  b e a r i n g s  r e a d i n g s  o f  th e  o v e r a l l  d i s t o r t i o n  of  
t h e  s h a f t  and th e  o v e r a l l  d i s t o r t i o n  o f  the  crank o n ly  were 
t a k e n .  These were o b t a i n e d  by t a k i n g  m i r r o r  r e a d i n g s  over  
th e  t o r s i o n a l  gauge p o i n t s  E-K and F -J  r e s p e c t i v e l y .  To 
a s s i s t ,  how ever ,  i n  t h e  su b seq u e n t  a n a l y s i s ,  r e a d in g s  were 
t a k e n  a t  e ach  o f  th e  gauge p o i n t s  on s h a f t  1G. when t w i s t e d  
o u t  o f  b e a r i n g s .
Measurements  o f  th e  l a t e r a l  d i sp la c e m e n t  o f  the  j o u r n a l s ,  when 
o u t  o f  b e a r i n g s  and i n  b e a r i n g s ,  were t ak en  by two o p t i c a l  
gauges  and,  a s  a check ,  by r e a d i n g s  from two Arne s d i a l s .
In  one case  an a t t e m p t  was made t o  measure the  b e a r in g
r e a c t i o n s  in du ce d  when a pure  t o r q u e  o f  i n c r e a s i n g  magnitude 
was a p p l i e d  to  t h e  s h a f t .

4 0
F i g . 13. G enera l  View o f  S h a f t  L ay-ou t  with  M ir ro r
A t tac h m e n ts  f o r  I n - B e a r in g s  S t a t i c  T ors ion  T e s ts .
M M. P o s i t i o n a l  s e t t i n g  o f  m i r r o r s  f o r  measuring ove ra lL  
d i s t o r t i o n  o f  c ra n k .
K N. R o l l e r  o p t i c a l  gauges f o r  m easur ing  the  degree  of  
b e a r i n g  c o n s t r a i n t  o r  j o u r n a l  c l e a r a n c e .
0. R ig id  a n g l e - i r o n  s u p p o r t s  f o r  o p t i c a l  gauges.
P. S t e e l  beam f i x e d  to  bed o f  t o r s i o n  machine.
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( I I )  Measurement o f  C r a n k s h a f t  J o u r n a l  D i s p l a c e m e n t : 
Measurement o f  t h e  c r a n k s h a f t  j o u r n a l  d i s p l a c e m e n t  when
s u b j e c t e d  t o  o u t - o f - b e a r i n g s  and i n - b e a r i n g s  s t a t i c  t o r s i o n  
t e s t s  was made p o s s i b l e  by t h e  s h a f t  l a y - o u t  a d o p te d  in  
c a r r y i n g  o u t  t h e  t e s t s .  The u n i v e r s a l  j o i n t  a s se m b ly ,  
i n t r o d u c e d  be tween th e  s h a f t  and t h e  s t r a i n i n g  chuck o f  t h e  
t o r s i o n  m ach ine ,  gave com ple te  f reedom  to  any l a t e r a l  movement 
o f  t h e  j o u r n a l s  in d u ce d  by t h e  a p p l i e d  t o r q u e .
S e v e r a l  o p t i c a l  d e v i c e s  were c o n s t r u c t e d  by t h e  Author  f o r  
making t h e s e  m easu rem en ts .  The d e s i g n  o f  e ach  c o n s i s t e d  
e s s e n t i a l l y  o f  t h e  e le m e n t s  o f  a r o l l e r  e x t e n s o m e t e r . The 
e a r l i e r  m ode ls ,  c o n s i s t i n g  o f  a p a i r  o f  b r a s s  s t r i p s  o f  
r e c t a n g u l a r  s e c t i o n  s e p a r a t e d  by two sm al l  r o l l e r s ,  were 
d e s i g n e d  t o  o p e r a t e  between t h e  c ra n k  webs.  Bach s t r i p  had  
a p r o j e c t i n g  c y l i n d r i c a l  p i e c e  n e a r  one end f i t t e d  w i t h  a 
screwed e le m e n t  w i th  a c o n i c a l  p o i n t .  These engaged w i th  
l i g h t  c e n t r e  punch marks on t h e  i n n e r  f a c e s  o f  th e  c rank  webs 
c o n c e n t r i c  w i th  t h e  s h a f t  a x i s .
The r e s u l t s  o f  p r e l i m i n a r y  t e s t s  gave e v id e n c e  t h a t  t h i s  
method o f  f i x i n g  t h e  o p t i c a l  gauge was u n s a t i s f a c t o r y .
The d e f l e c t i o n  o f  t h e  a d j u s t a b l e  e l e m e n t s  c e n t r e d  in  t h e  punch 
marks i n t r o d u c e d  e r r o r s  i n t o  t h e  r e a d i n g s  o b s e r v e d .
I t  was a l s o  found  t h a t ,  w i t h i n  r e a s o n a b l e  l i m i t s ,  t h e  d e g re e  
o f  t i g h t n e s s  i n  c e n t r i n g  t h e  i n s t r u m e n t  i n f l u e n c e d  t h e  r e a d i n g s  
o b t a i n e d .  There  was e v i d e n c e ,  a l s o ,  t h a t  any s i d e  movement 
o f  t h e  f r e e  end o f  t h e  b r a s s  s t r i p s ,  which r e s t e d  on r o l l e r s ,  
gave a r o t a t i o n a l  movement to  t h e  m i r r o r  which  was n o t  r e l a t e d  
i n  any way t o  a j o u r n a l  d i s p l a c e m e n t .
To overcome t h i s ,  an improvement i n  d e s i g n  was e f f e c t e d  by 
g u i d in g  t h e  f r e e  end o f  t h e  gauge be tw een  s t e e l  b a l l  g u i d e s .
The r e s u l t s  o f  f u r t h e r  t e s t s  showed, however ,  t h a t  t h e  r e a d i n g s  
o b t a i n e d  by f i x i n g  t h e  gauge be tween  t h e  c ra n k  webs on p o i n t  
s u p p o r t s  were u n r e l i a b l e .
n /
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I t  was d e c i d e d ,  t h e r e f o r e ,  t o  d e v e lo p  a method o f  m easu re ­
ment in  which th e  r e l a t i v e  movement o f  t h e  p a r a l l e l  s t r i p s  
would be c o n t r o l l e d  by t h e  d i r e c t  end c o n t a c t  o f  one of  th e  
s t r i p s  w i th  th e  j o u r n a l .
T e s t s  c a r r i e d  o u t  r e v e a l e d  t h a t  a  d i r e c t  l i n e  c o n t a c t  o f  
j o u r n a l , w i t h  movable s t r i p ,  t o g e t h e r  w i t h  t h e  f i x i n g  o f  th e  
s t a t i o n a r y  s t r i p  to  r i g i d  s u p p o r t s  gave d i s p l a c e m e n t  r e a d i n g s  
o f  t h e  j o u r n a l s  which were u n a f f e c t e d  by any s l i g h t  a x i a l  
movement o f  t h e  s h a f t  o r  d e f l e c t i o n  o f  t h e  m ea su r in g  e le m e n ta .  
T h is  method,  how ever ,  n e c e s s i t a t e d  t h e  u s e  o f  two o p t i c a l  
gauges th e  p r i n c i p a l  f e a t u r e s  o f  which a r e  shown i n  F ig .
Two b r a s s  s t r i p s ,  § i n .  deep by £in:. t h i c k ,  s e p a r a t e d  by two 
sm al l  r o l l e r s  *06166 irt .  d i a . ,  a r e  l i g h t l y  c lamped by s p r i n g  
p r e s s u r e .  S t r i p  A i s  s e c u r e d  by t h e  a n g le  s e c t i o n  B t o  a 
r i g i d  a n g le  i r o n  s u p p o r t  f i x e d  to  t h e  s t e e l  beam. One end 
o f  th e  s t r i p  G b e a r s  a g a i n s t  t h e  j o u r n a l  making a l i n e  
c o n t a c t  u n d e r  p r e s s u r e  in d u c e d  by t h e  s p r i n g  K.
Any l a t e r a l  movement o f  t h e  j o u r n a l  i s  t r a n s m i t t e d  t o  t h e  
s t r i p  C which r o t a t e s  t h e  r o l l e r s  E and F. An a d j u s t a b l e  
m i r r o r  M o f  a M ar ten*s  m i r r o r  e x t e n s o m e t e r  i s  s u i t a b l y  f i t t e d  
t o  one end o f  r o l l e r  F which h a s  i t s  a x i s  e x te n d e d  in  bo th  
d i r e c t i o n s .  A sm a l l  k n u r l e d  h ead  L, a t  t h e  o t h e r  end ,  
may be u se d  f o r  making any a d j u s t m e n t s .
The r o t a t i o n a l  movements o f  t h e  m i r r o r s  were o b s e r v e d  by 
means o f  two t e l e s c o p e s  and two c u rv e d  h o r i z o n t a l  s c a l e s .
The r e l a t i v e  d i s p l a c e m e n t  o f  t h e  j o u r n a l s ,  f o r  any p a r t i c u l a r  
t o r q u e ,  i s  g iv e n  by:
e  = ^
2D
where d -  d i a m e t e r  o f  r o l l e r  i n  i n c h e s .
x s d i f f e r e n c e  i n  s c a l e  r e a d i n g s .
B s d i s t a n c e  from m i r r o r  t o  s c a l e .
( i n ) /
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( I I I )  Measurement o f  B ea r in g  Beactions; When a p u re  t o r q u e
o f  i n c r e a s i n g  m agni tude  i s  a p p l i e d  to  a c r a n k s h a f t ,  i n  
b e a r i n g s ,  t h e  c ra n k  webs t e n d  t o  d e f l e c t  o u t  o f  t h e  o r i g i n a l  
c rank  p l a n e .  T h is  t e n d e n c y  can o n ly  be p a r t l y  p r e v e n t e d  
by t h e  b e a r i n g s  even when t h e  j o u r n a l  c o n s t r a i n t  i s  c o m p le te .
The l a t e r a l  d i s p l a c e m e n t  o f  t h e  j o u r n a l s ,  how ever ,  may be 
e i t h e r  p a r t l y  o r  w h o l ly  p r e v e n t e d  by t h e  b e a r i n g s  d e p en d in g  
on t h e  c l e a r a n c e  and t h e  d e g re e  o f  r i g i d i t y  o f  t h e  b e a r i n g  
s u p p o r t s .
Excep t  f o r  t h e  c a s e ,  t h e r e f o r e ,  o f  b e a r i n g s  which  have  so 
much p l a y  t h a t  no b e a r i n g s  r e a c t i o n  a r i s e s ,  r e s t r a i n t  o f  t h e  
j o u r n a l  movements w i l l  i n d u ce  a b e a r i n g  p r e s s u r e  and a 
b e a r i n g  s t r a i n i n g  moment a t  e ac h  j o u r n a l .
The t o r s i o n a l  s t r a i n s  in d u c e d  in  th e  s h a f t  w i l l  t h e n  be due 
t o  t h e  a p p l i e d  t o r q u e  and t o  t h e  b e a r i n g s  p r e s s u r e s  and 
moments which a c t  t h r o u g h  t h e  a x i s  o f  t h e  j o u r n a l s  p e r p e n d i c u l a r  
t o  t h e  p l a n e  o f  t h e  th ro w .  The t o r s i o n a l  e f f e c t s  cau sed  
by t h e  b e a r i n g s  r e a c t i o n s  w i l l  be o p p o s i t e  t o  t h o s e  in d u ce d  
by t h e  a p p l i e d  t o r q u e .
I f  t h e s e  r e a c t i o n s  a r e  known, t h e n ,  t h e  t o t a l  i n - b e a r i n g s  
a n g le  o f  t w i s t  may be r e a d i l y  d e t e r m i n e d  on th e  b a s i s  o f  
t h e  o u t - o f - b e a r i n g s  s t r a i n s  in d u c e d  i n  t h e  s e p a r a t e  e l e m e n t s  
o f  t h e  c r a n k s h a f t .
An e x p r e s s i o n  f o r  c a l c u l a t i n g  t h e  v a l u e  o f  t h e  b e a r i n g s  
p r e s s u r e s ,  ho w ev er ,  i n v o l v e s  a  l e n g t h y  a n a l y s i s  o f  a l l  t h e  
s t r a i n i n g  a c t i o n s  in d u ce d  i n  t h e  s h a f t .  M oreover ,  s i n c e  
some s i m p l i f y i n g  a s s u m p t io n s  a r e  made in  t h i s  a n a l y s i s  i t  
was t h o u g h t  t h a t  an a t t e m p t  t o  d e t e r m i n e  t h e  b e a r i n g  
r e a c t i o n s  e x p e r i m e n t a l l y  m igh t  p r o v i d e  d a t a  which  would 
j u s t i f y  t h e  a s s u m p t io n s  made and t h e  method o f  a n a l y s i s .
The j o u r n a l ,  f i x e d  in  t h e  chuck a t  t h e  w e ig h in g  end o f  t h e  
machine ,  shown i n  F i g . 15 > was c o n s t r a i n e d  d i r e c t i o n a l l y  by 
a/
4-5
F i g . 1 5 . L a y -o u t  a d o p te d  f o r  M easur ing  th e  B e a r in g  R e a c t i o n s  
o f  S i n g l e  Throw Two B e a r in g  C r a n k s h a f t .
N N. R o l l e r  o p t i c a l  gauges  f o r  m ea su r in g  l a t e r a l  
d i s p l a c e m e n t  o f  j o u r n a l s .
0. R i g id  a n g l e - i r o n  s u p p o r t s  f o r  o p t i c a l  ga u g es .
S. S p r i n g  b a l a n c e  f o r  m ea su r in g  m agni tude  o f  b e a r i n g  
r e a c t i o n .
C. B e a r in g  cover  and b r a s s  f i t t e d  w i th  s t i r r u p  f o r  
t r a n s m i t t i n g  j o u r n a l  r e s t r a i n i n g  f o r c e .
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a b e a r i n g  f i t t e d  a l i t t l e  c l e a r  o f  t h e  c rank  web.
T h is  b e a r i n g ,  a l t h o u g h  e x e r c i s i n g  a com ple te  l a t e r a l  
c o n s t r a i n t ,  p e r m i t t e d  a f r e e  r o t a t i o n a l  movement o f  t h e  
j o u r n a l .
An o p t i c a l  gauge N was f i t t e d  j u s t  c l e a r  o f  t h e  o u t e r  f a c e  
o f  t h e  b e a r i n g  t o  m easure  any p o s s i b l e  j o u r n a l  d i s p l a c e m e n t .  
The o t h e r  j o u r n a l  was f i t t e d  w i th  t h e  to p  h a l f  o f  t h e  b e a r i n g  
o n ly  and had  a s t i r r u p  a t t a c h m e n t  f o r  t r a n s m i t t i n g  t h e  
n e c e s s a r y  j o u r n a l  r e s t r a i n i n g  f o r c e .
Zero m i r r o r  r e a d i n g s  were t a k e n  b e f o r e  a p p l y i n g  t h e  s h a f t  
t o r q u e .  The t e n d e n c y  to w a rd s  a l a t e r a l  d i s p l a c e m e n t  o f  
t h e  Hf r e e H j o u r n a l  was c o r r e c t e d  by a p p l y i n g  t h e  n e c e s s a r y  
j o u r n a l  r e s t r a i n i n g  f o r c e  t o  b r i n g  t h e  o p t i c a l  gauge r e a d i n g  
back t o  z e r o .  By t h i s  means t h e  j o u r n a l  p r e s s u r e  r e a d i n g s  
f o r  d i f f e r e n t  t o r q u e s  were  o b t a i n e d .
( c ) E x p e r im e n ta l  R e s u l t s .
T y p ic a l  i n - b e a r i n g s  and o u t - o f - b e a r i n g s  t o r q u e  d e f l e c t i o n  
d iag ram s  f o r  s h a f t s  1C to  70 a r e  g iv e n  in  F i g s .  16 Vo 2.9 
The a n g u l a r  d i s t o r t i o n ,  i n  r a d i a n s ,  f o r  any p a r t i c u l a r  
t o r q u e  i s  g iv e n  by th e  d i f f e r e n c e  i n  t h e  s c a l e  r e a d i n g s  
d i v i d e d  by tw ic e  th e  d i s t a n c e  from th e  m i r r o r  t o  t h e  s c a l e .  
The a n g u l a r  d e f l e c t i o n s  o f  t h e  s e p a r a t e  e l e m e n t s  o f  each  
model form, i n  b e a r i n g s ,  due to  an a p p l i e d  t o r q u e  o f  3 .6 0 0  
l b . i n .  a r e  g iv e n  i n  T ab le  T  • These a r e  a v e ra g e  v a l u e s  
t a k e n  from a l a r g e  number o f  t o r q u e - d e f l e c t i o n  c u r v e s .
The o v e r a l l  a n g le  o f  t w i s t  f o r  e ach  c ra n k  and s h a f t ,  i n ­
b e a r i n g s  and o u t - o f - b e a r i n g s ,  a r e  a l s o  g i v e n .  The v a l u e s  
t a b u l a t e d  a r e  t h e  a n g l e s  o f  t w i s t ,  i n  r a d i a n s ,  m u l t i p l i e d  
by 103 •
The t e s t  s t i f f n e s s  o f  each  c r a n k s h a f t ,  o u t - o f - b e a r i n g s  and 
i n - b e a r i n g s ,  i s  g iv e n  i n  T ab le  $  . The r a t i o  o f  t h e  
s t i f f n e s s /
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TABLE & . -  C r a n k s h a f t  S t i f f n e s s .
( O u t - o f - B e a r i n g s  and I n - B e a r i n g s )
S h a f t
T e s t  S t i f f n e s s , l b .  in  . / r a d i a n S t i f f e n i n g  R a t io  
p e r  c e n t .O u t - o f - B e a r i n g s I n - B e a r i n g s
1C 2.»25  x 105 2.W45 x IQ5 1 00 .7
2C 2 .908  x : 1 0 5 2 . »39 x 105 1 0 1 .0
3C 2 .880  x I 0S 2 .»25  x 105 1 0 1 .6
4C 2 .8 3 2  x 10 2 .897  x 105 1 0 2 .3
5C 2 .733  x 105 2 .789  x 105 1 0 2 .1
60 2 .7 1 9  x 105 2 .748  x 105 1 0 1 .1
7C 2.899  x 105 2 .636  x 106 1 0 1 .4
TABLE 9  • ~ C r a n k s h a f t  S t i f f n e s s .
( R a t io  o f  Reduced Web Form t o  Disc  Web Form)
S h a f t  R a t i o  
Reduced Web Form
E f f e c t  o f  Web Form on S h a f t  
S t i f f n e s s  ( R a t io  p e r  c e n t )
Disc  Web Form O u t - o f - B e a r i n g s I n - B e a r i n g s
c l / a 9 9 .4 2 9 9 .8 2
G2/C 98 .47 9 9 .3 3
to
o
9 6 .8 3 9 8 .4
C4/C 93 .4 6 94 .71
c 5 / a 9 2 .9 6 93 .35
a
6/C 8 8 .8 6 8 9 .1 7
63
s t i f f n e s s  i n - b e a r i n g s  t o  t h e  s t i f f n e s s  o u t - o f - b e a r i n g s  
s t i f f e n i n g  r a t i o ,  i s  g iv en  a s  a p e r c e n t a g e  in  t h e  l a s t  
column o f  t h i s  t a b l e .
The v a l u e s  g iv e n  in  Table  8  g iv e  t h e  r a t i o s  o f  t h e  s t i f f n e s s  
o f  model w i th  r e d u c e d  web form to  t h e  s t i f f n e s s  o f  model 
w i t h  c y l i n d r i c a l  web form, which may be r e g a r d e d  a s  t h e  form 
g i v i n g  maximum s t i f f n e s s .
(d)  Comparison w i t h  A n a l y t i c a l  and E m p i r i c a l  Formulae 
f o r  C r a n k s h a f t  S t i f f n e s s .
The c a l c u l a t e d  o v e r a l l  a n g le  o f  t w i s t  by d i f f e r e n t  s h a f t
f o r m u la e ,  f o r  o u t - o f - b e a r i n g s  and i n - b e a r i n g s  c o n d i t i o n s ,
t o g e t h e r  w i t h  t h e  c o r r e s p o n d i n g  e x p e r i m e n t a l  v a l u e s  a r e
g iv e n  i n  T a b le s  l O a n d l l  • I t  sh o u ld  be n o t e d  t h a t ,
due t o  web form changes  n o t  i n c l u d e d  i n  t h e s e  r u l e s ,  t h e
c a l c u l a t e d  a n g le  o f  t w i s t  f o r  s h a f t s  5C, 6C, and 7C re m a in s
t h e  same.
TABLE 1 0 .  -  O u t - o f - B e a r i n g s  A ngula r  D i s t o r t i o n .
S h a f t Torque 
l b . i n .
T w is t  i n  R ad ia n s  x 10^
Exper im en t Timoshenko H o lz e r Seelman
1C 3600 1 2 .3 1 1 1 .8 7 11 .8 3 1 3 .8 6
20 3600 12 .3 8 1 1 .9 6 1 1 .9 2 1 3 .9 3
3C 3600 1 2 .5 0 1 2 .1 4 12 .0 9 1 4 .0 9
40 3600 12 .71 1 2 .5 1 1 2 .4 2 14 .41
5C 3600 1 3 .2 4 1 3 .5 9 13 .45 15 .37
60 3600 1 3 .2 4 1 3 .5 9 13 .4 5 15 .3 7
70 3600 13 .89 1 3 .5 9 13 .45 1 5 .3 7
TABLE II . ~ I n - B e a r i n g s  A ng u la r  D i s t o r t i o n .
S h a f t Torque 
l b . l b .
Twis t  i n  R ad ia n s x 103
E xper im en t C a r t e r Timoshenko
1C 3600 1 2 .2 2 12 .0 0 9 .731
2C 3600 1 2 .2 5 1 2 .1 2 9 .8 6 8
3C 3600 12 .31 1 2 .3 2 1 0 .0 8
4C 3600 1 2 .4 3 1 2 .76 1 0 .4 2
5G 3600 12 .9 1 14 .0 8 11 .4 1
6C 3600 13 .10 14 .08 1 1 .41
7C 3600 13 .66 14 .08 1 1 .4 1
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c o n c lu s io n s
The v a l u e s  g iv e n  in  T ab le s  7  and 6  i n d i c a t e  t h a t  th e  
i n - b e a r i n g s  s h a f t  s t i f f n e s s  in  each  c a se  d i f f e r s  v e ry  
l i t t l e  from th e  o u t - o f - b e a r i n g s  s h a f t  s t i f f n e s s .  S in ce  
t h e  s t i f f e n i n g  r a t i o  o f  t h e  c ran k  i s  d e te r m in e d  by t h e  
amount o f  j o u r n a l  c o n s t r a i n t  i n d u c e d ,  i t  w i l l  be i n f l u e n c e d  
by such f a c t o r s  a s  t h e  c rank  p r o p o r t i o n s  o r  d e s i g n ,  th e  
b e a r i n g  c l e a r a n c e ,  and th e  d e g re e  o f  r i g i d i t y  o f  th e  
f i x t u r e  which s u p p o r t s  o r  forms t h e  b e a r i n g s .  Due to  t h e  
a b se n c e  o f  r e l i a b l e  d a t a  on b e a r i n g  c l e a r a n c e s  i t  h a s ,  
so f a r ,  been i m p o s s i b l e  to  e s t i m a t e  t h e  im p o r tan c e  o f  t h i s  
f a c t o r .  In  t h e  c r a n k s h a f t  s t i f f n e s s  t e s t s  c o n d u c te d  by 
C a r t e r  t h e  s h a f t s  were  t w i s t e d  i n  b e a r i n g s  w i th  c l e a r a n c e s  
a p p r o x i m a t i n g  t o  t h o s e  u se d  i n  o r d i n a r y  w ork ing  c o n d i t i o n s .
A l though  g r e a t  c a r e  was t a k e n  i n  f i t t i n g  t h e  b e a r i n g s  o f  
t h i s  c r a n k s h a f t  model so as  t o  p r e v e n t ,  a s  f a r  a s  p o s s i b l e ,  
any l a t e r a l  movement o f  t h e  j o u r n a l s ,  p r o v i s i o n  was made 
f o r  m ea su r in g  any such l a t e r a l  movements by f i t t i n g  v e ry  
s e n s i t i v e  o p t i c a l  g a u g e s .  The t e s t  r e s u l t s  o b t a i n e d  gave 
e v id e n c e  o f  com ple te  l a t e r a l  c o n s t r a i n t  o f  t h e  j o u r n a l s .
The s u p p o r t i n g  f i x t u r e ,  made o f  heavy  s e c t i o n s  w i th  m e ta l  
t o  m e ta l  c o n t a c t s ,  p r o v i d e d  v e r y  r i g i d  b e a r i n g  c o n n e c t i o n s .  
C o n d i t i o n s  were t h u s  e s t a b l i s h e d  f o r  o b t a i n i n g  maximum 
j o u r n a l  c o n s t r a i n t .
There  i s  e x p e r i m e n t a l  e v i d e n c e ,  n e v e r t h e l e s s ,  t h a t  t h e  
j o u r n a l  c o n s t r a i n t  h a d  v e r y  l i t t l e  e f f e c t  on t h e  s h a f t  
s t i f f n e s s .  T h i s  i s  c o n t r a r y  t o  t h e o r y .  The t o r q u e -  
b e a r i n g  r e a c t i o n  c u rv e  f o r  s h a f t  1C, shown i n  F i g *30. gave 
b e a r i n g  p r e s s u r e  v a l u e s  v e r y  much lo w er  t h a n  t h o s e  o b t a i n e d  
a n a l y t i c a l l y ,  u s i n g  e q u a t i o n  ( 1 4 ) .
S in ce  t h e  b e a r i n g s  must h av e  a  c e r t a i n  amount o f  c l e a r a n c e  
f o r /
f o r  s u c c e s s f u l  r u n n i n g ,  t h e  e x p e r i m e n t a l  r e s u l t s  i n d i c a t e  
t h a t  u n d e r  such c o n d i t i o n s  no a p p r e c i a b l e  e r r o r  would a r i s e  
by t a k i n g  th e  i n - b e a r i n g s  s t i f f n e s s ,  in  each c a s e ,  a s  b e in g  
e q u a l  t o  t h a t  f o r  o u t - o f - b e a r i n g s .
The t e s t  r e s u l t s  f o r  s h a f t s  5C and 6C, T ab les  7  and &  , 
show t h a t  a r e d u c t i o n  i n  t h e  web t h i c k n e s s ,  by b e v e l l i n g ,  
h a s  a v e r y  p ronounced  e f f e c t  on t h e  s h a f t  s t i f f n e s s ,  
i f  t h e  webs,  i n  a d d i t i o n ,  a r e  b e v e l l e d  a t  t h e  j o u r n a l  enda ,  
g i v i n g  a web f rom v e r y  common i n  p r a c t i c e ,  t h e  e f f e c t  would 
be t o  r e d u c e  s t i l l  f u r t h e r  t h e  t o r s i o n a l  r i g i d i t y  o f  t h e  
s h a f t .  I t  i s  r e a s o n a b l e  t o  e x p e c t ,  t h e r e f o r e ,  a l t h o u g h  
no t e s t  r e s u l t s  were o b t a i n e d ,  t h a t  a r e d u c t i o n  i n  t h e  
w id th  o f  t h e  c ra n k  webs a t  t h e  p i n  and j o u r n a l  e n d s ,  by 
c h a m f e r in g ,  would  a l s o  a p p r e c i a b l y  a f f e c t  t h e  s h a f t  s t i f f n e s s .
I t  i s  i m p o r t a n t  t o  n o t e  t h a t ,  a l t h o u g h  c ran k  webs a r e  
c h a r a c t e r i z e d ,  i n  g e n e r a l ,  by form s p ro d u ce d  by b e v e l l i n g  
and c h a m fe r in g  t h e  webs beyond t h e  p i n  and j o u r n a l  c e n t r e  
l i n e s ,  t h e  e f f e c t  o f  such changes  on t h e  s h a f t  s t i f f n e s s  
i s  n o t  i n c l u d e d  i n  t h e  a n a l y t i c a l  t r e a t m e n t  p r e s e n t e d  by 
Timoshenko o r  H o l z e r ,  n o r  p r o v i d e d  f o r  i n  t h e  e m p i r i c a l  
fo rm u la e  g iv e n  by Seelman and C a r t e r .
I t  i s  shown t h a t  t h e  e f f e c t  o f  f i t t e d  webs i s  t o  i n c r e a s e  
c o n s i d e r a b l y  t h e  t o r s i o n a l  f l e x i b i l i t y  o f  t h e  s h a f t .  T h is  
i s  b ro u g h t  o u t  v e r y  c l e a r l y  on comparing  t h e  t e s t  r e s u l t s  
f o r  s h a f t s  6C and 7C. Many r e a d i n g s  were t a k e n  to  check 
t h e  v e r y  p ro n o u n ce d  i n c r e a s e  i n  t h e  a n g u l a r  d i s t o r t i o n  ove r  
t h e  gauge p o i n t s  F-G and H - J . I t  s u g g e s t e d  a c e r t a i n  
amount o f  s l i p  be tween t h e  webs and t h e  j o u r n a l s .  The 
zero  r e a d i n g  a t  t h e  b e g in n i n g  o f  each  s e r i e s  o f  r e a d i n g s ,  
however ,  gave e v id e n c e  t h a t  t h e  i n c r e a s e  in  t h e  a n g u l a r  
d i s t o r t i o n  was n o t  a s s o c i a t e d  w i th  a  c o n d i t i o n  o f  s l i p .
One/
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One o f  th e  a s s u m p t io n s  made in  e q u a t i o n  (1) i s  t h a t  t h e  
c r o s s - s e c t i o n  o f  t h e  web be tween t h e  p i n  and j o u r n a l  c e n t r e  
l i n e s  i s  u n i f o r m .  The j u n c t i o n ,  how ever ,  o f  s o l i d  
j o u r n a l s  and p i n  t o  t h e  webs and th e  j u n c t i o n  o f  h o l lo w  
j o u r n a l s  and p i n  t o  t h e  webs b r i n g  a b o u t  a p p r e c i a b l e  
changes  in  t h e  c r o s s - s e c t i o n  o f  t h e  webs.  I t  i s  e v i d e n t ,  
from t e s t  r e s u l t s ,  t h a t  j o u r n a l  h o l e s  t h r o u g h  t h e  webs,  
f o r  a s h r i n k a g e  a s se m b ly ,  c r e a t e  c o n d i t i o n s  which a r e  n o t  
o p e r a t i v e  i n  a s o l i d  j o u r n a l - w e b  e le m e n t .
A f i t t e d  web, by s h r i n k a g e ,  i s  a method o f  a ssem bly  ad o p te d  
by many b u i l d e r s  o f  c r a n k s h a f t s .  I t  i s  i m p o r t a n t  t o  n o t e  
t h a t  i t  r e p r e s e n t s  a c o n d i t i o n  n o t  a n a ly z e d  o r  i n c l u d e d  in  
any o f  th e  fo rm u la e  r e l a t i n g  t o  c r a n k s h a f t  s t i f f n e s s .
Due t o  th e  f a c t  t h a t  t h e  d i s t o r t i o n  o f  each i n d i v i d u a l  
e le m e n t  was m easured  d u r i n g  t h e  t e s t s ,  i t  i s  p o s s i b l e  to  
make a com par ison  o f  t h e  v a r i a t i o n  i n  web s t i f f n e s s  due to  
web form.
F i g . 31 g i v e s  t h e  a n g u l a r  d i s t o r t i o n  o f  t h e  c y l i n d r i c a l  
webs o f  s h a f t  1C which may be r e g a r d e d  a s  p r o v i d i n g  
maximum s t i f f n e s s .  H ead ings  were t a k e n  o v e r  t h e  gauge
p o i n t s  6 -F  and H-J .  C urves  g i v i n g  th e  i n c r e a s e  i n  t h e
a n g u l a r  d i s t o r t i o n ,  o v e r  t h e s e  p o i n t s ,  f o r  o t h e r  web fo rm s ,  
a r e  shown. These c u rv e s  i n d i c a t e  an i n c r e a s e  o f  1 1 .8 7  p e r  
c e n t ,  i n  t h e  t o r s i o n a l  f l e x i b i l i t y  o f  t h e  webs due t o  
b e v e l l i n g  and a l s o  an i n c r e a s e  o f  3 4 .2 8  p e r  c e n t ,  i n  t h e  
a n g u l a r  d i s t o r t i o n  o f  t h e  webs when f i t t e d  by s h r i n k a g e .
The c y l i n d r i c a l  web form was t a k e n  as  t h e  b a s i s  f o r  
c o m p a r i s o n .
The v a l u e s  g iv e n  i n  Table  ID show t h a t  t h e  e x p e r i m e n t a l  
r e s u l t s  f o r  t h e  o u t - o f - b e a r i n g s  c o n d i t i o n  a r e  i n  c l o s e  
ag reem en t  w i th  t h e  c a l c u l a t e d  v a l u e s  o b t a i n e d  by th e  
f o r m u l a e /
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fo rm u lae  g iven  by Timoshenko and H o l z e r .  The v a l u e s  
g iv en  in  Table  II show t h a t  C a r t e r ’ s fo rm u la  g i v e s  v a l u e s  
i n  c l o s e  ag reem en t  w i th  e x p e r im e n t  r e s u l t s  f o r  s h a f t s  1C 
t o  4C . T h is  i s  r e m a rk a b le  i n  view o f  t h e  f a c t  t h a t  c e r t a i n  
p r o p o r t i o n s  o f  t h e  e x p e r i m e n t a l  s h a f t  model were f a r  
removed from t h o s e  o f  th e  m a r in e ,  a i r c r a f t  and motor c a r  
t y p e s  from which  th e  fo rm u la  was e v o lv e d .
C a r t e r  has  shown, how ever ,  t h a t  t h e  fo rm u la  g i v e s  v a l u e s  
from 6 . 4  p e r  c e n t ,  low t o  8 . 2  p e r  c e n t ,  h i g h  f o r  t h e  m ar ine
s h a f t s ,  1 0 .2  p e r  c e n t ,  low t o  4 .8  p e r  c e n t ,  h ig h  f o r  t h e
a i r c r a f t  s h a f t s ,  and 3 .8  p e r  c e n t ,  h i g h  t o  13 p e r  c e n t ,  
h i g h  f o r  t h e  c a r  s h a f t s .
I t  i s  shown t h a t  t h e  i n - b e a r i n g s  a n g le  o f  t w i s t  by 
Timoshenko’ s fo r m u la ,  which t a k e s  t h e  form g iv e n  in  
e q u a t i o n  ( 2 ) g i v e s  v a l u e s  which a re  n o t  in  c l o s e  ag reem ent  
w i th  e x p e r i m e n t a l  v a l u e s .  I t  was found t h a t  Dr. S ee lm an ’ s 
f o r m u la ,  which  assumes t h e  d i s t o r t i o n  o f  th e  p i n  and
j o u r n a l s  p e n e t r a t i n g  a d i s t a n c e  0 .4 5  i n t o  t h e  webs gave
b e t t e r  r e s u l t s .
The c o n t r a s t s  i n d i c a t e  t h a t  e x p e r i m e n t a l  s t u d i e s  by 
means o f  sm a l l  s c a l e  m odels  sh o u ld  form th e  b a s i s  o f  an 
a n a l y s i s  when t h e  s t r u c t u r a l  member o r  e le m e n t  i s  o f  a 
complex form r e q u i r i n g  many s i m p l i f y i n g  a s s u m p t io n s  to  
p e r m i t  o f  a t h e o r e t i c a l  t r e a t m e n t .




(a)  T e s t s  w i th  F i t t e d  Webg on C r a n k s h a f t
C e r t a i n  f e a t u r e s  o f  t h e  t e s t  r e s u l t s  f o r  c r a n k s h a f t  7 C 
s u g g e s t e d  th e  p o s s i b i l i t y  o f  a c e r t a i n  amount o f  s l i p p i n g .
I t  was d e c i d e d ,  t h e r e f o r e ,  t o  i n v e s t i g a t e  by c a r r y i n g  o u t  
a t o r s i o n  t e s t  o f  t h e  c r a n k s h a f t  t o  d e s t r u c t i o n .  The 
c ra n k  webs o f  t h i s  s h a f t  were f i t t e d  u n d e r  d i f f e r e n t  
c o n d i t i o n s  o f  a s se m b ly .  One web was sh runk  on t h e  
j o u r n a l  s h a f t  w i t h  t h e  m a t in g  s u r f a c e s  p e r f e c t l y  d ry  and 
f r e e  from f i l m .  The o t h e r  web was a sse m b le d  w i t h  a f i l m  
o f  r a p e  o i l  on t h e  m a t in g  s u r f a c e  o f  t h e  j o u r n a l  s h a f t  
and f i t t e d  w i t h  a  s e c u r i t y  p i n  p r e s s i n g  th r o u g h  t h e  web 
and s h a f t .
The A u th o r*s  workshop e x p e r i e n c e  o f  f o r c e  f i t  a s s e m b l i e s  
s u g g e s t e d  t h a t  t h e  s u r f a c e  c o n t a c t  f i l m  which may s e p a r a t e  
th e  e l e m e n t s  in  an e l a s t i c  g r i p  a s sem b ly  m ight  p rove  t o  
be an i m p o r t a n t  f a c t o r  i n  c o n t r o l l i n g  t h e  q u a l i t y  o f  th e  
g r i p .
The t e s t  r e s u l t e d  i n  a f a i l u r e  by s l i p p i n g  o f  t h e  a ssem bly  
made w i t h  r a p e  o i l  f i l m  on t h e  s u r f a c e  o f  t h e  s o l i d  
e le m e n t .  The a ssem bly  made w i th  s u r f a c e s  p e r f e c t l y  d ry  
and f r e e  from f i l m ,  a l t h o u g h  w i t h o u t  a s e c u r i t y  p i n ,  
showed no s i g n s  o f  f a i l u r e .  I t  was a t  once  e v i d e n t  t h a t  
t h e  s h r i n k a g e  a l l o w a n c e ,  even  i f  c o r r e c t ,  was n o t  s u f f i c i e n t  
o f  i t s e l f  t o  e n s u r e  a s u c c e s s f u l  a ssem b ly  o f  s h r i n k  f i t  
e l e m e n t s .
The r e s u l t s  o f  t h i s  t e s t  s u g g e s t e d  t h e  need  and g r e a t  
im p o r ta n c e  o f  c a r r y i n g  o u t  r e s e a r c h  work so a s  t o  d e f i n e  
more c l e a r l y  t h e  f a c t o r s  a f f e c t i n g  th e  g r i p  i n  an e l a s t i c  
g r i p  assem bly -
I t  was d e c i d e d  t o  c a r r y  o u t  a s e p a r a t e  i n v e s t i g a t i o n  w i th  
sm a l l  s c a l e  e l e m e n t s  u s i n g  s t e e l  p i n s  and c o l l a r s .
( b ) /
(b)  D i v i s i o n s  o f  t he I n v e s t i g a t i o n .
The e x p e r im e n t s  c a r r i e d  o u t  were a r r a n g e d  so t h a t  t h e
e f f e c t s  o f  t h e  f o l l o w i n g  c o n d i t i o n s  on th e  g r i p  o f  an
e l a s t i c  g r i p  a ssem b ly  m ight  be m easured  and compared
( I )  E f f e c t  o f  a r e d u c t i o n  i n  t h e  s u r f a c e  c o n t a c t  a r e a .
( I I )  E f f e c t  o f  t h e  n a t u r e  o f  t h e  l u b r i c a n t  u se d  in  a  
f o r c e  f i t  a s se m b ly .
( I l l )  E f f e c t  o f  " s k i n 11 o r  f i l m  on th e  m at ing  s u r f a c e s  
b e f o r e  a p p ly i n g  t h e  l u b r i c a n t .
(IV) E f f e c t  o f  t h e  a s sem b ly  method.
(V) T o r s i o n a l  and a x i a l  r e s i s t a n c e  to  s l i p .
(c)  F a i l u r e  o f  M a t e r i a l  u n d e r  Combined S t r e s s
I t  i s  u s u a l ,  i n  t h e  c a se  o f  an a ssem b ly  h a v in g  c y l i n d r i c a l  
m a t in g  s u r f a c e s  and depen d e n t  upon t h e  e l a s t i c  p r o p e r t i e s  
o f  t h e  m a t e r i a l s  f o r  i t s  g r i p ,  t o  employ Lame's  t h i c k  
c y l i n d e r  t h e o r y  t o  d e t e r m i n e  t h e  m agni tude  o f  t h e  s t r e s s e s  
in d uced  i n  t h e  h o l lo w  and s o l i d  e l e m e n t s .  The t h e o r y  i s  so 
w e l l  known in  connex ion  w i th  f o r c e  and s h r i n k  f i t s  t h a t  i t  
n e ed  o n ly  be b r i e f l y  r e f e r r e d  t o .
The m agn i tude  o f  t h e  r a d i a l  i n t e r f a c e  p r e s s u r e  pr  and h e n ce  
o f  t h e  hoop s t r e s s  f r  in d u c e d  i n  t h e  b o re  l a y e r s  o f  t h e  
h o l low  e le m e n t  w i l l  depend upon t h e  d i f f e r e n c e  in  t h e  f r e e  
d i a m e t e r s  o f  t h e  m a t in g  e l e m e n t s .  I f  S i s  t h e  f i t  
a l lo w a n c e  i n d u c in g  pr , B and r  t h e  o u t e r  and i n n e r  r a d i i ,  
and E Y oung 's  Modulus f o r  t h e  m a t e r i a l ,  t h e n
« r  ,B 4- r  . _ , x
- T  = ®r E (I * T 7 * +  1 }..................................... (1)
The r a d i a l  and hoop s t r e s s e s  a r e  a  maximum a t  t h e  m a t in g  
s u r f a c e  and v a r y  t h r o u g h o u t  t h e  w a l l  t h i c k n e s s  o f  t h e  
e l e m e n t ,  r e a c h i n g  minimum v a l u e s  a t  t h e  o u t e r  s u r f a c e .
The maximum v a l u e  o f  t h e  hoop s t r e s s  a t  t h e  m a t ing  s u r f a c e
i s  g iv e n  by
B^H- r
t r  = Pr  ( F T ? )    ( I I )
The/
The maximum v a l u e  o f  t h e  i n t e r f a c e  r a d i a l  p r e s s u r e ,  how ever ,  
w i l l  be l i m i t e d  by t h e  f a i l u r e  c o n d i t i o n  o f  t h e  l a y e r s  a t  
t h e  b o re  s u r f a c e  u n d e r  combined s t r e s s .  Many t h e o r i e s  
h av e  been  advanced  f o r  a s c e r t a i n i n g  t h e  c r i t e r i o n  o f  f a i l u r e  
o f  m a t e r i a l s  u n d e r  such c o n d i t i o n s .
A s tu d y  o f  l o a d - e x t e n s i o n  d iag ra m s  would s u g g e s t  t h a t  t h e  
maximum r a d i a l  i n t e r f a c e  p r e s s u r e  be tween t h e  e le m e n t s  
would be a t t a i n e d  w i th  a f i t  a l lo w a n c e  t h a t  r e s u l t e d  i n  
y i e l d  c o n d i t i o n s  a t  t h e  i n n e r  b o re  l a y e r s .  T h is  h a s  been
6i l l u s t r a t e d  i n  t h e  c a se  o f  f o r c e  f i t s  by R u s s e l l  and Shannon. 
I t  i s  w e l l  known, h o w ever ,  t h a t  i n  an endeavour  t o  improve 
t h e  g r i p  be tw een  t h e  e l e m e n t s  e x c e s s i v e  f i t  a l l o w a n c e s  a r e  
o f t e n  u s e d  i n  i m p o r t a n t  a ssem bly  u n i t s ,  and t h a t  u n d e r  such 
c o n d i t i o n s  a p l a s t i c  o r  s e m i - p l a s t i c  r a n g e  may p e n e t r a t e  
w e l l  i n t o  t h e  w a l l  t h i c k n e s s  o f  t h e  h o l lo w  e le m e n t  and 
r e s u l t  i n  t h e  c o m p re ss iv e  e l a s t i c  p r o p e r t i e s  o f  t h e  m a t e r i a l  
b e in g  a lm o s t  d e s t r o y e d .  The l a y e r s  w i t h i n  t h e  p e rm a n e n t ly  
deformed r a n g e  w i l l  be s u b j e c t  to  a c o m p re ss iv e  s t r e s s  
e x e r t e d  by t h e  o u t e r  l a y e r s  which  a r e  i n  t e n s i o n  w i t h i n  
t h e  e l a s t i c  r a n g e  o f  t h e  w a l l  t h i c k n e s s .  The m agn i tude  
o f  t h e  r a d i a l  i n t e r f a c e  p r e s s u r e  c a n n o t  be a c c u r a t e l y  
d e te r m in e d  i f  t h e  e l e m e n t s  a r e  mated u n d e r  such  c o n d i t i o n s .  
The m a t e r i a l  s u f f e r s  a  change i n  s t a t e  when s t r e s s e d  beyond 
t h e  e l a s t i c  l i m i t ,  and l o a d - e x t e n s i o n  d ia g ra m s  r e v e a l  a 
c a s u a l  s t r e s s - 3 t r a i n  r e l a t i o n s h i p  be tw een  t h e  e l a s t i c  and 
y i e l d  p o i n t  c o n d i t i o n s  o f  t h e  m a t e r i a l .  There  i s  a l s o  t h e  
u n c e r t a i n t y  a s  t o  t h e  d e p th  o f  t h e  p l a s t i c  r a n g e  and t h e  
e f f e c t  o f  t h e  e l a s t i c  l a y e r s  i n  such  a c a s e .  O v e r s t r a i n i n g  
i n  t h i s  manner ,  i f  f o l lo w e d  by a m i ld  h e a t  t r e a t m e n t ,  w i l l  
improve t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  ho l low  e le m e n t  and 
r e s u l t  i n  a  more u n i f o r m  d i s t r i b u t i o n  o f  s t r e s s  t h r o u g h o u t  
th e  w a l l  t h i c k n e s s .  T h is  w i l l  a l l o w  o f  a  g r e a t e r  i n t e r f a c e  
p r e s s u r e  be tw een  th e  e l e m e n t s  o f  an a ssem bly  u n i t  o r  an
7i n c r e a s e  in  t h e  p e r m i s s i b l e  b o re  p r e s s u r e  i n  gun c o n s t r u c t i o n .  
S in ce  t h e  e q u a t i o n s  g i v i n g  t h e  hoop and r a d i a l  s t r e s s e s  
a t  t h e  m a t in g  s u r f a c e  o f  t h e  ho l lo w  e le m e n t  a r e  based  on 
p r o p o r t i o n a l i t y  be tween s t r e s s  and s t r a i n ,  i t  i s  p ro p o se d  
t o  c o n s i d e r  f a i l u r e  a s  h a v in g  t a k e n  p l a c e  when th e  e l a s t i c  
l i m i t  c o n d i t i o n  i s  r e a c h e d  a t  t h e  i n n e r  b o re  l a y e r s .
(d ) E f f e c t  o f  S u r f a c e  C o n t a c t .
I t  was d e c i d e d  t o  c a r r y  o u t  t e s t s  t o  d e te r m in e  t h e  e f f e c t  
o f  a  s u r f a c e  o u t - o f - s t r a i g h t n e s s  on t h e  p r e s s u r e  n e c e s s a r y  
t o  in d u ce  a x i a l  s l i p p i n g  i n  a  f o r c e  f i t  a s se m b ly .
( I )  M a t e r i a l  and Method o f  Measurement .  ^  Pa i r  o f 
h o l lo w  and s o l i d  e l e m e n t s  were machined o u t  o f  a  28 to  
3 2 - to n  s t e e l  which  had  been s u p p l i e d  f o r  b o i l e r - s t a y  
p u r p o s e s .  The c o l l a r  o r  r i n g  was 1-J I n c h e s  deep w i t h  
i n s i d e  and o u t s i d e  d i a m e t e r s  o f  1§ i n c h e s  and 3 i n c h e s  
r e s p e c t i v e l y .  The p i n  was 2 i n c h e s  l o n g ,  h a v in g  a p a r a l l e l  
l e n g t h  o f  1-| i n c h e s  w i th  a s l i g h t  t a p e r  a t  each  end t o  
e n s u r e  good e n t r y  c o n d i t i o n s .  The m a t in g  s u r f a c e s  o f  t h e  
e le m e n t s  had  a h i g h  d e g re e  o f  f i n i s h ,  and e v id e n c e  o f  a 
com ple te  s u r f a c e  c o n t a c t  was e s t a b l i s h e d  a f t e r  an a ssem bly  
o f  t h e  u n i t s  had  been made and b ro k e n .  Measurements  o f  
t h e  p i n  d i a m e t e r  were t a k e n  by a Hewall  m e a su r in g  machine 
and t h e  b o re  d i a m e t e r  o f  t h e  c o l l a r  by t h e  p i n - g a u g e - t r a v e l  
method w i th  a  p o i n t e r  m a g n i f i c a t i o n  o f  7*9. T h is  e n a b le d  
a f o r c e - f i t  a l l o w a n c e  o f  0*1 t h o u s a n d t h  o f  an in ch  t o  be 
a c c u r a t e l y  d e t e r m i n e d .  R e ad in g s  o f  b o th  e le m e n t s  were 
t a k e n  a t  r i g h t - a n g l e s  on t h r e e  d i f f e r e n t  p l a n e s  and an 
a v e ra g e  o f  t h e  s i x  r e a d i n g s  was t a k e n .  These m ea su rem en ts  
were made b e f o r e  and a f t e r  e ach  t e s t  t o  check  any p o s s i b l e  
change i n  t h e  d im e n s io n s  o f  t h e  m a t in g  e l e m e n t s .
( i d /
F i g . 32 .  Force  F i t  Assembly o f  S t e e l  P in  and C o l l a r .
( I I )  P r e s s i n g  O p e r a t i o n .  The p r e s s i n g  o p e r a t i o n s  were 
c a r r i e d  o u t  on a 2 0 - to n  Amsler  t e s t i n g  machine o p e r a t e d  
u n d e r  o i l  p r e s s u r e .  The p i n  was a c c u r a t e l y  i n s e r t e d  in  
t h e  b o re  and t h e  r i n g  p l a c e d  c e n t r a l l y  on a s t e e l  c o l l a r  
which gave a  maximum b e a r i n g  s u r f a c e  s u p p o r t  t o  th e  r i n g  
by h a v in g  a h o l e  c l e a r a n c e  o f  5^2. i n c h  I*01, t h e  p i n  on 
p e n e t r a t i o n .  Bayonne o i l  was u s e d  a s  a l u b r i c a n t  and 
p r e s s i n g - o n  and back p r e s s u r e  l o a d s  were measured  a t  p i n  
d i s p l a c e m e n t s  o f  0*1 i n c h .  The machine was r e g u l a t e d  so 
t h a t  t h e  t im e  t a k e n  t o  e f f e c t  a  com ple te  a ssem bly  was 
a p p r o x i m a t e ly  t w e n t y - f i v e  m in u te s .  G re a t  c a r e  was t a k e n  
b e f o r e  each  assem bly  t o  h av e  c l e a n  m a t ing  s u r f a c e  c o n d i t i o n s .  
T h is  was done by w ash ing  t h e  p i n  and th e  c o l l a r  t h r e e  t i m e s  
w i th  soap and h o t  w a t e r  and th e n  r i n s i n g  w e l l  w i th  h o t  w a t e r .  
The s u r f a c e s  were f i n a l l y  d r i e d  w i t h  s h e e t s  o f  c l e a n  b l o t t i n g  
p a p e r  and c o a t e d  im m e d ia te ly  w i th  a f i l m  o f  Bayonne o i l .
The n o - l o a d  p o s i t i o n  o f  t h e  c r o s s h e a d  w i t h  t h e  m at ing  
e l e m e n t s  s u i t a b l y  a r r a n g e d  f o r  a p r e s s i n g - o n  o p e r a t i o n  i s  
shown i n  Fig.32L. A l l  s u b s e q u e n t  p r e s s i n g  o p e r a t i o n s  were 
c a r r i e d  o u t  i n  a  s i m i l a r  manner.
( I I I )  T e s ts  to  i n v e s t i g a t e  Surface  C o n ta c t . F ive  t e s t s  
were c a r r ie d  out w ith  a p in  and c o l l a r ,  as  shown in  F ig .33>  
h av in g  a fo r c e  f i t  a llow ance  o f  0*6 thousandth o f  an in c h .  
S u b s t i t u t in g  fo r  B and r in  eq u ation  (1 ) i t  can be shown
th a t  the  i n t e r f a c e  r a d ia l  p r e ssu re  i n t e n s i t y  i s  g iv en  by
p r  -  5056-|-
and t h e  hoop s t r e s s  a t  t h e  b o re  l a y e r  i s  g iv e n  by
f p  £ 1 .6 7  pr
Hence a f i t  a l lo w a n c e  o f  0*6 t h o u s a n d t h  o f  an i n c h  w i l l  
i n d u c e  a r a d i a l  p r e s s u r e  i n t e n s i t y  a t  t h e  m at ing  s u r f a c e s  o f  
2 t o n s  p e r  s q . i n . ,  and a hoop s t r e s s  i n t e n s i t y  a t  t h e  b o re  
l a y e r  o f  3*3 t o n s  p e r  s q . i n .
T e s t  1 . /
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T e s t  1 .  -  The l e n g t h  o f  t h e  b e a r i n g  s u r f a c e  was 1^ i n c h e s ,  
g i v i n g  a s u r f a c e  a r e a  o f  5*9 s q . i n .  The maximum 
p r e s s i n g - o n  and back p r e s s u r e  r e a d i n g s  were 9*5 t o n s  
and 10*4 t o n s  r e s p e c t i v e l y .
T e s t  2 . -  S ix  g r o o v e s ,  each  0*05 i n c h  b r o a d ,  were c u t  
i n  t h e  r i n g  b o re  a t  c e n t r e s  0*125 in ch  from each  f a c e ,  
and 0*2 i n c h  be tw een  a d j a c e n t  g r o o v e s .  T h is  gave an 
e f f e c t i v e  b e a r i n g  l e n g t h  o f  0*95 in ch  and an e f f e c t i v e  
b e a r i n g  s u r f a c e  o f  4*484 s q . i n .  The maximum 
p r e s s i n g - o n  and back  p r e s s u r e  r e a d i n g s  were 8*025 
t o n s  and 9*55 t o n s  r e s p e c t i v e l y .
T e s t  3 .  -  S ix  g r o o v e s ,  e ach  0*10 in ch  b r o a d ,  were c u t  
a t  t h e  same c e n t r e s  a s  i n  T e s t  2, g i v i n g  an e f f e c t i v e  
b e a r i n g  l e n g t h  o f  0*65 in c h  and an e f f e c t i v e  b e a r i n g  
s u r f a c e  o f  3*068 s q . i n .  The maximum p r e s s i n g - o n  
and back p r e s s u r e  r e a d i n g s  were  6*575 t o n s  and 
8*00 t o n s  r e s p e c t i v e l y .
T e s t  4.  -  A g ro o v e ,  0*031 in ch  b r o a d ,  was c u t  i n  t h e  
m idd le  o f  e ach  o f  t h e  f i v e  i n s i d e  b e a r i n g  bands  o r  
s t r i p s .  T h is  l e f t  an e f f e c t i v e  b e a r i n g  l e n g t h  o f  
0*495 i n c h  and an e f f e c t i v e  b e a r i n g  s u r f a c e  o f  
2*336 s q . i n .  The maximum p r e s s i n g - o n  and back  
p r e s s u r e  r e a d i n g s  were 6*15 t o n s  and 7*45 t o n s  
r e s p e c t i v e l y .
T e s t  5 .  -  F iv e  o f  t h e  na r row  b e a r i n g  s t r i p s ,  each  
0*0345 in c h  w ide ,  were m ach ined  o f f ,  l e a v i n g  a 
b e a r i n g  s t r i p  0*075 in ch  wide  a t  each f a c e  and f i v e  
i n s i d e  b e a r i n g  s t r i p s  each  0*0345 in c h  w id e .
The e f f e c t i v e  b e a r i n g  l e n g t h  was now r e d u c e d  t o  
0*3225 in c h  and t h e  b e a r i n g  s u r f a c e  to  1*522 s q . i n .
The maximum p r e s s i n g - o n  and back  p r e s s u r e  r e a d i n g s  
were 4*875 t o n s  and 5*15 t o n s  r e s p e c t i v e l y .
The lo a d  diagrams on a base o f  bore le n g th  are g iv en  in  
Fig.34*> and in d ic a t e  the  a x i a l  fo r c e  req u ired  a t  d i f f e r e n t  
p o in t s  o f  the  bore depth  to  p r e s s  the  p in  in  and o u t .
The c u rv e s  c l e a r l y  i n d i c a t e  t h a t  a r e d u c t i o n  o f  a r e a  c r e a t e d  
by b e a r i n g - b a n d  s u r f a c e  c o n d i t i o n s  on t h e  s u r f a c e  o f  one o f  
t h e  m a t in g  e le m e n t s  w i l l  r e s u l t  i n  a  b i g  r e d u c t i o n  i n  t h e  
maximum l o a d  a t  which a x i a l  s l i p  w i l l  t a k e  p l a c e  i n  
a sse m b ly  u n i t s .
An o u t - o f - s t r a i g h t n e s s  c o n d i t i o n  o f  t h e  c y l i n d r i c a l  s u r f a c e  
o f  an e le m e n t  may r e s u l t  i n  a  s e r i e s  o f  such b e a r i n g  bands 
a p p r o a c h in g  any one o f  t h e  c o n d i t i o n s  i l l u s t r a t e d  i n  t h e  
t e s t s .  T h is  w i l l  depend upon t h e  d e g re e  o f  a c c u ra c y  
o b t a i n e d  i n  t h e  g e n e r a t i o n  o f  t h e  c y l i n d r i c a l  m a t in g  
s u r f a c e .  I f  t h e  m a t in g  s u r f a c e  o f  t h e  s o l i d  e le m e n t  i s  
a l s o  n o t  s t r a i g h t  t h e n  t h e  back p r e s s u r e  n e c e s s a r y  to  b r i n g  
a b o u t  i n i t i a l  s l i p  may be much low er  s t i l l .  I t  i s  im p o r t a n t  
t o  n o t e  t h a t  t h i s  p r e s s u r e  may be low er  t h a n  t h e  f i n a l  
p r e s s i n g - o n  l o a d ,  and t h a t  t h e  l o a d  r e q u i r e d  t o  b r i n g  a b o u t  
f u r t h e r  s l i p p i n g  i s  g r e a t l y  i n  e x c e s s  o f  t h e  i n i t i a l  v a l u e .
The A uthor  h a s  e n c o u n t e r e d  t h i s  c o n d i t i o n  i n  t r y i n g  t o  
d i s m a n t l e  an i m p o r t a n t  a ssem bly  u n i t  a t  a  c o l l i e r y  where 
a l l  e f f o r t s  t o  remove a h o l lo w  e le m e n t  f a i l e d ,  w i th  t o o l s  a t  
h and ,  a f t e r  h a v in g  s h i f t e d  i t  ^C^-inch.  I t  i s  a l s o  w o r th  
n o t i n g  t h a t  t h e  maximum back p r e s s u r e  i s  a l s o  much i n  e x c e s s  
o f  t h e  maximum p r e s s i n g - o n  l o a d .  These p o i n t s ,  c l e a r l y  
i l l u s t r a t e d  i n  t h e  l o a d  d ia g ra m s  shown i n  F ig .34>  h av e  been  
b r o u g h t  o u t  in  t h e  many t e s t s  on f o r c e  f i t s  c a r r i e d  o u t  i n  
t h e  M ech an ica l  E n g i n e e r i n g  L a b o r a t o r i e s  o f  t h e  Royal 
T e c h n ic a l  C o l l e g e ,  Glasgow.
F i g *35 shows t h e  a c t u a l  r i n g  o r  c o l l a r  on which  t h e s e  t e s t s  
were c a r r i e d  o u t .  The d im e n s io n s  o f  t h e  m a t in g  s u r f a c e s  
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F i g . 3 5  P h o to g ra p h  o f  C o l l a r  T e s te d .
m easured  th r o u g h o u t  th e  t e s t s  showed no s i g n s  o f  change .
T h is  was r e m a r k a b le  i n  v iew o f  th e  f a c t  t h a t  t h e  e le m e n t s  
were a s se m b led  and d i s m a n t l e d  f i v e  t i m e s .  I n s p e c t i o n  o f  
t h e  narrow  b e a r i n g  s t r i p s  gave e v id e n c e  o f  good b e a r i n g  
c o n d i t i o n s  w i th  no s i g n s  o f  damage due to  s h e a r  in  th e  
a ssem bly  o p e r a t i o n  d e s p i t e  t h e  f a c t  t h a t  t h e  f o r c e - f i t  
a l lo w a n c e  o f  0*6 t h o u s a n d th  o f  an in ch  in d u c e d  an i n t e r f a c e  
r a d i a l  p r e s s u r e  i n t e n s i t y  o f  2 t o n s  p e r  s q . i n .
(e )  F f f e c t  o f  L u b r i c a n t .
Workshop e x p e r i e n c e  o f  t h e  i n f l u e n c e  o f  a l u b r i c a n t  in  
p r e v e n t i n g  t h e  m a t in g  s u r f a c e s  o f  a  f o r c e - f i t  a ssem bly  from 
b e in g  s c o r e d  o r  d e s t r o y e d  i n  making o r  b r e a k i n g  t h e  f i t ,  
t o g e t h e r  w i th  t h e  e v i d e n c e ,  p r e s e n t e d  by B.M. D e l ly ,  M.I . 
M ech .E . ,  t h a t  t h e  s t a t i c  c o e f f i c i e n t  o f  f r i c t i o n  between the  
s u r f a c e s  o f  d i f f e r e n t  m e t a l s  when l u b r i c a t e d  depends  upon 
t h e  o i l i n e s s  o f  t h e  l u b r i c a n t ,  s u g g e s t e d  t h a t  i n  a f o r c e -  
f i t  a s sem bly  t h e  l u b r i c a n t  employed might  have  an a p p r e c i a b l e  
i n f l u e n c e  on t h e  p r e s s i n g - o n  l o a d .  There  a p p e a r s  t o  be a 
v e r y  g e n e r a l  i m p r e s s io n  t h a t ,  due t o  h i g h  r a d i a l  p r e s s u r e  
i n t e n s i t y ,  t h e  o i l  would be sh o rn  o f f  t h e  s u r f a c e s  o f  t h e  
m a t in g  e le m e n t s  i n  t h e  a ssem b ly  p r o c e s s ,  and i n  such a c a se  
t h e  n a t u r e  o f  t h e  l u b r i c a n t  c o u ld  h av e  l i t t l e  o r  no i n f l u e n c e  
on t h e  p r e s s u r e  r e q u i r e d  t o  make t h e  a s se m b ly .  In  a f o r c e -  
f i t  a ssem bly  l u b r i c a t i o n  o f  t h e  m a t in g  s u r f a c e s ,  which a r e  i n  
c o n t a c t  e x c e p t  f o r  a t h i n  f i l m  w hich  may be o n ly  one m e le c u le  
t h i c k ,  i s  t e rm ed  s o l i d  f i l m  o r  boundary  l u b r i c a t i o n .  I t  h a s  
been  s u g g e s t e d  by Langrauir and o t h e r s  t h a t  t h e  a d s o r b e d  f i l m  
w i l l  g iv e  a  s t a t i c  c o e f f i c i e n t  o f  f r i c t i o n  d ep en d in g  n o t  
o n ly  upon t h e  c h e m ic a l  n a t u r e  o f  t h e  l u b r i c a n t  b u t  a l s o  upon 
th e  ch em ic a l  n a t u r e  o f  t h e  m a t in g  e l e m e n t s  t o  which i t  
a d h e re s  c h e m i c a l l y .  I f  t h e r e  i s  r e l a t i v e  m otion  be tw een  t h e  
m at ing  e l e m e n t s ,  how ever ,  t h e  m a t in g  s u r f a c e s  w i l l  be 
c o m p l e t e l y /
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c o m p le t e ly  s e p a r a t e d  by a r e l a t i v e l y  t h i c k  f i l m  o f  o i l ,  
and f r i c t i o n  w i l l  depend upon th e  v i s c o s i t y  o f  t h e  o i l .
I t  was d e c i d e d  t o  c a r r y  o u t  t e s t s  on f o r c e - f i t  a s s e m b l i e s ,  
w i th  some o f  t h e  e a r l i e r  v e g e t a b l e  and an im a l  o i l s  u se d  a s  
l u b r i c a n t s  by t h e  e n g i n e e r ,  t o g e t h e r  w i t h  t h e  l a t e r  t y p e s  
o f  m in e r a l  and b le n d e d  o i l s .
The g e n e r a l  method o f  p r o c e d u r e  was s i m i l a r  t o  t h a t  c a r r i e d  
o u t  i n  t h e  s u r f a c e  c o n t a c t  s e r i e s  o f  t e s t s .  G rea t  c a r e  was 
t a k e n  t o  e s t a b l i s h  c o n s t a n t  c o n d i t i o n s  o f  c l e a n n e s s  i n  t h e  
m a t in g  s u r f a c e s ,  t h e  im p o r ta n c e  o f  which h a s  been d e m o n s t r a te d  
by Hardy.  The f o l l o w i n g  may be q u o te d  from t h e  work o f  
J .M. Macaulay:  "Using two g l a s s  p l a t e s  o f  good o p t i c a l
p o l i s h ,  c o e f f i c i e n t s  o f  l i m i t i n g  f r i c t i o n  as  h i g h  a s  0 *8 ,
0*9,  o v e r  1*0 were o b t a i n e d  when t h e  s u r f a c e s  had  been  v e r y  
t h o r o u g h l y  c l e a n e d  by p r o l o n g e d  w ash in g  w i th  sodium o l e a t e  
i n  r u n n i n g  h o t  w a t e r ,  t h e n  i n  h o t  d i s t i l l e d  w a t e r ,  d r y i n g  
b e in g  done r a p i d l y  b e f o r e  an e l e c t r i c  r a d i a t o r  and t h e  
s u r f a c e s  p l a c e d  t o g e t h e r  w h i l e  h o t .  S l i p p i n g ,  when i t  
d i d  o c c u r ,  was w i t h  a  j e r k  and a s c r a t c h i n g  o f  t h e  g l a s s .
I f  t h e  s u r f a c e s ,  a f t e r  w a sh in g ,  were  r u b b e d  w i th  1 c le an *  
d ry  l i n e n ,  c o e f f i c i e n t s  o f  l i m i t i n g  and o f  k i n e t i c  f r i c t i o n  
a s  low a s  0 *2 , 0 *1 , 0 «Q8 were o b s e r v e d ,  and s l i p p i n g  was 
t h e n  s t e a d y  and slow ( s a y  1 cm. p e r  m i n u t e ) ,  s u g g e s t i n g  
t h e  v i s c o u s  f low  o f  a f l u i d . "
In  t h e  e x p e r i m e n t s  a b o u t  t o  be d e s c r i b e d  c o n s t a n t  m a t in g  
s u r f a c e  c o n d i t i o n s ,  w i th  r e s p e c t  t o  c l e a n n e s s ,  were  o b t a i n e d  
by w ash ing  t h e  p i n  and c o l l a r  t h r e e  t im e s  w i th  soap and h o t  
w a te r  and r i n s i n g  w e l l  w i th  h o t  w a t e r  f rom t h e  t a p .
The s u r f a c e s  were  t h e n  d r i e d  w i t h  s h e e t s  o f  c l e a n  b l o t t i n g -  
p a p e r .  They were  t h e n  w iped  t h r e e  t im e s  w i t h  a  c l e a n  c l o t h  
m o is te n e d  by p e t r o l e u m ,  and a g a i n  wiped t h r e e  t im e s  w i th  a 
c l e a n  c l o t h  m o is t e n e d  by m e t h y l a t e d  e t h e r .  The s u r f a c e s  
w e r e /
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were t h e n  im m e d ia te ly  c o a t e d  w i th  a f i l m  o f  o i l  which was 
a l l o w e d  t o  d r a i n  o f f  p a r t i a l l y  b e f o r e  t h e  e le m e n t s  were 
a s s e m b le d .  A f t e r  t h e  w ash ing  o p e r a t i o n s  t h e  m a t in g  
s u r f a c e s  were n o t  to u c h e d  w i th  t h e  f i n g e r s .
( I )  T e s t s  t o  i n v e s t i g a t e  E f f e c t  o f  L u b r i c a n t . S ix  t e s t s  
were c a r r i e d  o u t  w i th  t h e  same p i n  and c o l l a r  h a v in g  m a t in g  
d im e n s io n s  o f  1*5038 i n c h e s  and 1*5030 i n c h e s  r e s p e c t i v e l y ,  
g i v i n g  a d i f f e r e n c e  i n  t h e  f r e e  d i a m e t e r s  o f  t h e  m a t ing  
e le m e n t s  o f  O'-8 t h o u s a n d th  o f  an i n c h .  I t  can be shown 
t h a t  a  f o r c e - f i t  a l lo w a n c e  o f  t h i s  o r d e r  w i l l  Induce  a 
r a d i a l  p r e s s u r e  i n t e n s i t y  a t  t h e  m a t in g  s u r f a c e s  o f  2*7 t o n s  
p e r  s q . i n .  and a hoop s t r e s s  i n t e n s i t y  a t  t h e  b o re  l a y e r  o f  
4*51 t o n s  p e r  s q . i n .
T e s t  1 .  -  E lem en ts  a s sem b led  and d i s m a n t l e d  w i th  f i l m  
o f  Bayonne o i l  on m a t in g  s u r f a c e s .
T e s t  2. -  E lem ents  a s sem b led  and d i s m a n t l e d  w i th  f i l m  
o f  Sperm o i l  on m a t in g  s u r f a c e s .
T e s t  3 .  -  E lem ents  a sse m b le d  and d i s m a n t l e d  w i th  f i l m  
o f  "Texaco" m otor  o i l  (heavy)  on m a t in g  s u r f a c e s .
T e s t  4 .  -  E lem en ts  a s se m b le d  and d i s m a n t l e d  w i th  f i l m  
o f  r a p e  o i l  on m a t in g  s u r f a c e s .
T e s t  5 .  -  E lem ents  a sse m b le d  and d i s m a n t l e d  w i th  f i l m  
o f  g r a p h i t e  and e n g i n e - b e a r i n g  o i l  on m a t in g  s u r f a c e s .
T e s t  6 . -  E lem ents  a s se m b le d  and d i s m a n t l e d  w i th  f i l m  
o f  c u t t i n g  l u b r i c a n t  on m a t in g  s u r f a c e s .
The l u b r i c a n t  u s e d  i n  T e s t  6 . was an e m u l s i o n ,  s u i t a b l e  f o r  
g e n e r a l  l a t h e  work,  made by m ix ing  a c u t t i n g  compound w i th  
w a t e r .  C u t t i n g  o i l s  and c u t t i n g  compounds a r e  u s e d  in  
m e ta l  m ac h in in g  o p e r a t i o n s  n o t  o n ly  t o  d i s s i p a t e  th e  h e a t  
g e n e r a t e d  and wash away t h e  c u t t i n g s  b u t  a l s o  t o  g i v e  a 
smooth f i n i s h  and p r e v e n t  r u s t i n g .  The d im e n s io n s  o f  t h e  
m a t ing  s u r f a c e s  were m easured  b e f o r e  and a f t e r  each  t e s t  
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and t h e s e  showed no s i g n s  o f  change .  T h is  i s  an e s s e n t i a l  
c o n d i t i o n ,  o f  c o u r s e ,  t o  any s u c c e s s f u l  i n v e s t i g a t i o n  o f  th e  
i n f l u e n c e  o f  t h e  l u b r i c a n t  on t h e  f o r c e - f i t  t o n n a g e .  I t  was 
made p o s s i b l e  by t h e  u se  o f  e l e m e n t s  h a v in g  good m at ing  
s u r f a c e s  and a r e l a t i v e l y  sm a l l  f o r c e - f i t  a l l o w a n c e .  I t  i s  
s u r p r i s i n g  t h a t  a f t e r  a s s e m b l in g  th e  e l e m e n t s  s i x  t im e s  
t h e r e  was no e v id e n c e  o f  a t en d en cy  f o r  th e  b o re  d im e n s io n s  
t o  become b i g g e r  o r  t h e  p i n  d im e n s io n s  t o  become s m a l l e r .
A c r i t i c a l  e x a m in a t io n  o f  t h e  m a t in g  s u r f a c e s  gave no 
e v id e n c e  o f  improved b e a r i n g  c o n t a c t ,  a c o n d i t i o n  which 
would h ave  i n f l u e n c e d  t h e  p r e s s u r e  n e c e s s a r y  t o  make th e  
a s se m b ly .
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N.N. Sawin o b s e r v e d  t h a t  i f  t h e  e l a s t i c  l i m i t  was n o t  
e x ce ed e d  and t h e  a ssem b ly  r e p e a t e d  s e v e r a l  t im e s  an i n c r e a s e  
i n  p r e s s u r e ,  t h e  r a t e  o f  which d e c r e a s e d  w i th  e ach  a s se m b ly ,  
was n e c e s s a r y  t o  make t h e  f i t .
t o a d  d iag ram s  on a b ase  o f  b o re  l e n g t h  a r e  g iv e n  i n  F i g . 3 6  
and i n d i c a t e  c l e a r l y  t h e  r e m a r k a b le  i n f l u e n c e  o f  t h e  l u b r i c a n t  
on th e  f o r c e  n e c e s s a r y  t o  make an a s sem b ly  o f  t h e  e l e m e n t s .
The v a l u e s  r a n g e  from 5*1 t o n s  w i th  r a p e  o i l  a s  a  l u b r i c a n t  
t o  13*55 t o n s  w i t h  Bayonne o i l  a s  a l u b r i c a n t .  T h is  
r e p r e s e n t s  an i n c r e a s e  o f  L66 p e r  c e n t ,  i n  t h e  p r e s s i n g - o n  
l o a d  due t o  a d i f f e r e n c e  i n  t h e  n a t u r e  o f  t h e  l u b r i c a n t .
The c o e f f i c i e n t  o f  f r i c t i o n  f o r  e a c h  a ssem bly  was o b t a i n e d  
by t h e  e q u a t i o n
E s  / t P r *  2 f t r . l  .
where F i s  t h e  maximum p r e s s i n g - o n  t o n n a g e ,  1  t h e  l e n g t h  o f  
th e  h o l low  e l e m e n t ,  and JUL t h e  c o e f f i c i e n t  o f  f r i c t i o n .
The v a l u e s  o b t a i n e d  by t h i s  method o f  a p p ro a ch  t o  boundary  
l u b r i c a t i o n ,  g iv e n  i n  T ab le  12., a r e  o f  a v e r y  h ig h  o r d e r  and 
g r e a t l y  i n  e x c e s s  o f  t h o s e  o b t a i n e d  by th e  Deeley  machine  
u s i n g  t h e  same l u b r i c a n t s  b u t  d i f f e r e n t  m a t in g  m a t e r i a l s .
n /
. 3 6  Load Diagrams f o r  T e s t s  on E f f e c t  o f  L u b r i c a n t .
TEST 1 . Bayonne o i l .
TEST 2 . Sperm o i l .
TEST 3. "T exaco” motor o i l  (heavy)
TEST 4. Eape o i l
TEST 5. G r a p h i t e  and e n g in e  b e a r i n g
TEST 6 . C u t t i n g  L u b r i c a n t .
Ba y sn n c  Oil  .
S r o r m  Oil  .
T c x a m  Mo t o r  Oil  Hc a v y .
Ra r c  Oi l .
Or a p m it l  l h c  ehqiwc Bcarihq  Oi l . 
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I t  was fou n d ,  how ever ,  t h a t  t h e  r a t i o s  o f  th e  maximum l o a d  
o b t a i n e d  w i t h  t h e  v a r i o u s  l u b r i c a n t s  t o  t h e  maximum l o a d  
o b t a i n e d  w i th  r a p e  o i l  were o f  t h e  same o r d e r  a s  t h e  r a t i o s  
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M ild  S t e e l  
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Mild  S t e e l
Mild S t e e l  
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Mild S t e e l  
on
Lead Bronze
C a s t  I r o n  
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Cut t ing  
Lubr ican t






0 .8 5 2
0 .3 3 6
0 .6 0 4
0 .3 2 1
0 .4 0 2
0 .3 7 4
2.657
1 .0 4 9
1 .8 8 2
1 .255
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E, 1 .721  
1 .3 2
0 .2 3 6
0 .1 2 2
0 .1 8 6




J 1 . Royal T e c h n ic a l  C o l l e g e ,  Glasgow, 1931, v o l . 2, p . 495.
I t  h a s  come to  be r e c o g n i z e d  t h a t  t h e s e  l u b r i c a t i n g  f i l m s  a r e  
r e a l l y  i n  c h e m ic a l  u n io n  w i t h  t h e  m a t in g  s u r f a c e s  o f  t h e  
e l e m e n t s .  The m o le c u le s  o r i e n t  t h e m s e lv e s  on th e  s o l i d  
s u r f a c e s  and form an a d s o r b e d  p r i m a r y  f i l m .  T h is  o r i e n t a t i o n  
may e x t e n d  and r e s u l t  i n  a f i l m  o f  t h i s  n a t u r e  s e v e r a l  
m o le c u le s  t h i c k .  There  can be no d o u b t  t h a t  u n d e r  t h e  h ig h  
p r e s s u r e  i n t e n s i t y  w i th  which  t h e  e l e m e n t s  a r e  a s se m b le d ,  
th e  s t a t i c  c o e f f i c i e n t  o f  f r i c t i o n  be tween  t h e  s u r f a c e s  i s  
t h a t  o f  two p r i m a r y  f i l m s  i n  c o n t a c t .  The r e s u l t s  o b t a i n e d  
would s u g g e s t  t h a t  t h e s e  f i l m s  a r e  i n  t h e  n a t u r e  o f  s o f t  
s o l i d s  which r e q u i r e  a d e f i n i t e  f o r c e  t o  p ro d u ce  s h e a r .
D e e le y /
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Deeley  s u g g e s t s  t h a t  In  t h e  cave o f  h y d ro c a rb o n  o i l s  t h e  
ends  o f  th e  c h a i n s  o f  t h e  m o le c u le s  fo rm in g  t h e  a d s o rb e d  
f i l m  must be r e g a r d e d  as  a s p e r i t i e s  which a r e  e l a s t i c  and 
g iv e  r i s e  t o  f r i c t i o n .  The a c t u a l  v a l u e  o f  th e  c o e f f i c i e n t  
o f  f r i c t i o n  he  r e g a r d s  a s  d e p en d in g  upon t h e  form and 
s t i f f n e s s  o f  t h e  a s p e r i t i e s  which a r e  d i s p l a c e d  when r e l a t i v e  
m ot ion  i s  a b o u t  t o  t a k e  p l a c e  and s p r i n g  back  i n t o  p o s i t i o n  
a f t e r  s l i p  has  o c c u r r e d .  O b s e r v a t i o n s  made d u r i n g  th e  
a s s e m b l in g  and d i s m a n t l i n g  o f  t h e s e  e l e m e n t s  would s u g g e s t  
t h a t  some such  c o n d i t i o n s  h o l d .  In  no c a se  was an assem bly  
made by a g r a d u a l  s l i p p i n g  o f  t h e  m a t in g  e l e m e n t s .  The l o a d  
g r a d u a l l y  r o s e  u n t i l  s l i p  to o k  p l a c e ,  when t h e r e  was a 
sudden f a l l  i n  t h e  o i l  p r e s s u r e .  T h is  g r a d u a l l y  r o s e  
a g a i n  u n t i l  a  f u r t h e r  s l i p  and a n o t h e r  drop i n  t h e  o i l  
p r e s s u r e  o c c u r r e d .  With t h o s e  l u b r i c a n t s  h a v in g  a 
p ron o un ced  o i l i n e s s  t h e  s l i p s  to o k  p l a c e  w i t h o u t  any n o i s e  
u n t i l  t h e  a sse m b ly  was h a l f  c o m p le te ,  a f t e r  which s l i p p i n g  
was accompanied  by a l i g h t  bumping on t h e  sudden f a l l  i n  
p r e s s u r e ,  which became more p ro n ou n ced  to w ard s  t h e  c o m p le t io n  
o f  t h e  f i t .  P e r i o d i c  s l i p s  o f  much g r e a t e r  m agn i tude  and 
accompanied  by heavy  bumping was n o t i c e d  t h r o u g h o u t  t h e  
co m ple te  a sse m b ly  o f  t h e  e l e m e n t s  when a l u b r i c a n t  n o t  
h a v i n g  an o i l i n e s s  p r o p e r t y  was employed.
( f ) E f f e c t  o f  " f l k l n " .
I t  was t h o u g h t  t h a t  t h e  " s k i n "  o r  t h i n  l a y e r  o f  g r e a s e  t h a t  
t e n d s  t o  g a t h e r  on t h e  s u r f a c e  o f  an e le m e n t  d u r i n g  o r  a f t e r  
m ach in ing  o p e r a t i o n s  m ight  i n  some way i n f l u e n c e  t h e  e f f e c t  
o f  t h e  l u b r i c a n t  i n  an a ssem b ly  p r o c e s s .  A f t e r  c o m p le t in g  
t h e  back  p r e s s u r e  t e s t  i n  which  t h e  c u t t i n g  compound was 
u s e d  a s  a  l u b r i c a n t ,  t h e  s u r f a c e s  o f  t h e  p i n  and c o l l a r  
were wiped o n ly  w i th  a c l e a n  c l o t h  and t h e n  r e - a s s e m b l e d  
w i th  r a p e  o i l  a s  t h e  l u b r i c a n t .  But t h e  c l o s e n e s s  o f  t h e  
r e a d i n g s /
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r e a d i n g s  o b t a i n e d  w i th  t h e s e  two l u b r i c a n t s  and p e r f e c t l y  
c l e a n  s u r f a c e s  p r e v e n t e d  any d e f i n i t e  c o n c l u s i o n s  b e in g  
r e a c h e d .  I t  was t h e r e f o r e  d e c i d e d  t o  u s e  two l u b r i c a n t s  
g i v i n g  a h i g h  and a low l o a d  r e s p e c t i v e l y  w i t h  p e r f e c t l y  
c l e a n  s u r f a c e s ,  and Bayonne o i l  and r a p e  o i l  were s e l e c t e d  
a s  p r o v i d i n g  t h e  b e s t  means o f  a n a l y s i n g  t h i s  " s k in "  e f f e c t .
( I )  T e s t s  t o  i n v e s t i g a t e  E f f e c t  o f  " S k i n ” . F ive  t e s t s
were c a r r i e d  o u t  w i t h  t h e  same p i n  and c o l l a r  h a v in g  a f o r c e
f i t  a l lo w a n c e  o f  0 . 6  t h o u s a n d th  o f  an i n c h .  I t  can be
shown, a s  i n  t h e  s e r i e s  o f  t e s t s  t o  i n v e s t i g a t e  s u r f a c e  
c o n t a c t ,  t h a t  a f i t  a l lo w a n c e  o f  t h i s  o r d e r  w i l l  in d u c e  a 
r a d i a l  p r e s s u r e  i n t e n s i t y  a t  t h e  m a t in g  s u r f a c e s  o f  2 t o n s  
p e r  s q . i n . ,  and a hoop s t r e s s  i n t e n s i t y  a t  t h e  b o re  l a y e r  o f
3 .3  t o n s  p e r  s q . i n .
T e s t  1 .  -  The m a t in g  s u r f a c e s  were c a r e f u l l y  c l e a n e d  
as  p r e v i o u s l y  d e s c r i b e d .  Rape o i l  was u s e d  a s  t h e  
l u b r i c a n t .  The maximum p r e s s i n g - o n  and back  p r e s s u r e  
r e a d i n g s  were 3 .6 5  t o n s  and 4 .10  t o n s  r e s p e c t i v e l y .
T e s t  2.  -  The r a p e  o i l  which re m a in e d  on th e  m a t in g  
s u r f a c e s  a f t e r  d i s m a n t l i n g  was c a r e f u l l y  wiped o f f  
w i th  a c l e a n  c l o t h .  The s u r f a c e s  were t h e n  f i n i s h e d  
o f f  by r u b b i n g  t h o r o u g h l y  w i th  a c l e a n  c l o t h  u n t i l  
t h e  s u r f a c e s  were p o l i s h e d .  Bayonne o i l  was u s e d  
a s  t h e  l u b r i c a n t .  The maximum p r e s s i n g - o n  and back 
p r e s s u r e  r e a d i n g s  were  8 .5 0  t o n s  and 9 .0 5  t o n s  
r e s p e c t i v e l y .
T e s t  3 .  -  The s u r f a c e s  were t r e a t e d  as  i n  T e s t  1.
Bayonne o i l  was u s e d  a s  t h e  l u b r i c a n t .  The maximum 
p r e s s i n g - o n  and back  p r e s s u r e  r e a d i n g s  were 8 .4 0  t o n s  
and 1 0 .4 0  t o n s  r e s p e c t i v e l y .
T e s t  4 .  -  The s u r f a c e s  were t r e a t e d  a s  i n  T e s t  2.
Rape o i l  was u s e d  a s  t h e  l u b r i c a n t .  The maximum 
p r e s s i n g - o n  and back  p r e s s u r e  r e a d i n g s  were 3 .9 5  t o n s  
and 4 .1 8  t o n s  r e s p e c t i v e l y .
T e s t  5 . /
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T e s t  5. -  P in  and c o l l a r  were washed t h r e e  t im e s  w i th  
soap and h o t  w a te r  and r i n s e d  w e l l  w i th  h o t  w a te r  from 
th e  t a p .  The s u r f a c e s  were t h e n  d r i e d  w i th  s h e e t s  
o f  c l e a n  b l o t t i n g  p a p e r  and c o a t e d  im m e d ia te ly  w i th  a 
f i l m  o f  o i l  which was a l l o w e d  t o  d r a i n  o f f  p a r t i a l l y  
b e f o r e  t h e  e l e m e n t s  were  a s se m b le d .  Bayonne o i l  was 
u s e d  a s  t h e  l u b r i c a n t .  The maximum p r e s s i n g - o n  and 
back p r e s s u r e  r e a d i n g s  were 9 .50  t o n s  and 10 .40  t o n s  
r e s p e c t i v e l y .
( I I )  TEST BESULTS: -  The l o a d  d ia g ra m s  on a b a se  o f  
b o re  l e n g t h  a r e  shown i n  F i g . 3 7 .  They r e p r e s e n t  two w e l l -  
d e f i n e d  t y p e s ,  t h e  c h a r a c t e r i s t i c  f e a t u r e  o f  each  b e in g  
c l e a r l y  d e t e r m i n e d  by t h e  n a t u r e  o f  t h e  l u b r i c a n t  employed.
The l a t t e r  i s  a l s o  r e s p o n s i b l e  f o r  a d i f f e r e n c e  in  t h e  l o a d  
n e c e s s a r y  t o  make t h e  a s sem b ly  o f  t h e  two e le m e n t s  o f  t h e  
same o r d e r  as  i n  a p r e v i o u s  t e s t .  I t  would a p p e a r ,  t h e r e f o r e ,  
t h a t  t h e  “ s k in "  o r  i n v i s i b l e  p r im a r y  f i l m  which may have  
been  formed on t h e  m a t ing  e l e m e n t s  which  were r e a s s e m b le d  
a f t e r  h a v i n g  been  t r e a t e d  w i t h  a c l e a n  c l o t h  o n l y ,  had  no 
e f f e c t  on t h e  c h a r a c t e r i s t i c  i n f l u e n c e  o f  th e  l u b r i c a n t  on 
t h e  f o r c e - f i t  l o a d .  O th e rw ise  i t  would a p p e a r  t h a t  p o l i s h i n g  
o f f  a s  much o f  t h e  l u b r i c a n t  as  p o s s i b l e  w i th  a c l e a n  c l o t h  
h a s  p ro d u ce d  a s u r f a c e  c o n d i t i o n  o f  c l e a n n e s s  s i m i l a r  t o  t h a t  
o b t a i n e d  by t h e  t r e a t m e n t  d e s c r i b e d  above f o r  “clean** s u r f a c e s .  
T his  would a c c o u n t  f o r  t h e  l o a d  d ia g r a m s  o b t a i n e d  w i t h  t h e  
r e s p e c t i v e  l u b r i c a n t s  b e in g  p r a c t i c a l l y  t h e  same.
I t  w i l l  be n o t i c e d  i n  F i g .  3 7  t h a t  to w a rd s  t h e  c o m p le t io n  of  
th e  a s se m b ly  i n  T e s t  5 .  t h e r e  i s  c e r t a i n l y  an a p p r e c i a b l e  
i n c r e a s e  i n  p r e s s u r e  compared w i th  T e s t s  3.  and 2. In  t h i s  
p a r t i c u l a r  a s sem b ly  t h e  e l e m e n t s  were n o t  t r e a t e d  w i t h  
p e t r o l e u m  o r  m e t h y l a t e d  e t h e r .  Ho g r e a t  im p o r tan c e  i s  
a t t a c h e d  t o  t h i s ,  h ow ever ,  s i n c e  i t  i s  c l e a r  t h a t  t h e  same 
c h a r a c t e r i s t i c /
F i g . 3 7  Load Diagrams f o r  T e s t s  on "Sk in"  E f f e c t .
TEST 1. Bape o i l .  M at ing  s u r f a c e s  c a r e f u l l y  c l e a n e d .
TEST 2. Bayonne o i l .  Bape o i l  wiped o f f  m a t in g  s u r f a c e s .
TEST 3. Bayonne o i l .  Mat ing  s u r f a c e s  c a r e f u l l y  c l e a n e d .
TEST 4.  Bape o i l .  Bayonne o i l  w iped  o f f  m a t ing  s u r f a c e s .
TEST 5. Bayonne o i l .  Mat ing  s u r f a c e s  c a r e f u l l y  c l e a n e d .
—O—O— RAK On. ,  mIIm m |M  cuafi
■O— O--BMM NEOlL, Ml .f f  m
-O — O—  BNfMME OIL, « i> » j n f t i m i ^ i  
—O O— R a p e  O i l ,
— G — BAYOHNEOlL, w f i i j  a n f tw s  n ( * | c L w j .
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c h a r a c t e r i s t i c  l o a d  curve  i s  c l e a r l y  d e f i n e d  in  each  c a se  
when Bayonne o i l  i s  employed a s  t h e  l u b r i c a n t .  A 
c o n s i d e r a t i o n  o f  t h e  l o a d  c u rv e s  f o r  T e s t s  1 .  and 4.  s u g g e s t s  
t h a t  t h i s  a p p l i e s  a l s o  in  t h e  c a se  when r a p e  o i l  i s  u se d  
as  t h e  l u b r i c a n t .
II
S i r  W i l l i a m  Hardy and Miss Doubleday c a r r i e d  o u t  e x p e r im e n t s  
on t h e  e f f e c t  cf p o l i s h i n g  o f f  a s  much o f  t h e  l u b r i c a n t  as  
p o s s i b l e  w i t h  p e r f e c t l y  c l e a n  l i n e n .  The e x p e r i m e n t a l  
a p p a r a t u s  employed c o n s i s t e d  o f  a s l i d e r  w i th  a  h i g h l y  
p o l i s h e d  s p h e r i c a l  f a c e  a p p l i e d  t o  a p l a n e  s u r f a c e  which 
was a l s o  h i g h l y  p o l i s h e d .  They found  t h a t  t h e  l u b r i c a n t ,  
i f  a  f l u i d ,  was c o m p le t e ly  removed from t h e  s u r f a c e  by 
p o l i s h i n g ,  and t h e  f r i c t i o n  be tween  t h e  e l e m e n t s  r o s e  t o  
”c l e a n ” s u r f a c e  v a l u e .  I f  t h e  l u b r i c a n t  was a s o l i d ,  
how ever ,  p o l i s h i n g  p ro d u ced  an i n v i s i b l e  p r im a r y  f i l m  which 
gave a v e r y  low f r i c t i o n a l  v a l u e .  The a s su m p t io n  made 
t h e r e f o r e  t h a t  t h e  m a t in g  s u r f a c e s  in  t h e  f o r c e - f i t  Assembly 
t e s t s  were " c l e a n ” a f t e r  t r e a t m e n t  w i th  a c l e a n  c l o t h  
would a p p e a r  t o  be w e l l  fo u n d ed .  The s i t u a t i o n  i s  an 
i n t e r e s t i n g  one .  There  i s  e v id e n c e  t h a t  by g e n t l e  t r e a t ­
ment w i th  a c l e a n  c l o t h  t h e  l u b r i c a n t  may be p o l i s h e d  o f f  
t h e  s u r f a c e s  o f  t h e  m a t in g  e l e m e n t s  and i t s  i n f l u e n c e  
c o m p le t e ly  removed. There  i s  a l s o  e v id e n c e  t h a t  t h i s  
ca n n o t  be done by a f o r c e - f i t  a sse m b ly  p r o c e s s ,  and t h a t  
t h e  p r im a r y  f i l m s ,  even u n d e r  h ig h  r a d i a l  p r e s s u r e  
i n t e n s i t i e s ,  e x e r c i s e  an enormous i n f l u e n c e  on t h e  tonnage  
t o  p rod u ce  s l i p .
(g)  E f f e c t  o f  Assembly Method.
I t  was d e c i d e d  t o  c a r r y  o u t  t e s t s  on t h e  q u a l i t y  o f  th e  
g r i p  e s t a b l i s h e d  by each  a sse m b ly  method. The lo a d  
r e q u i r e d  t o  p ro d u ce  a x i a l  s l i p  o f  t h e  e l e m e n t s  when t h e  
m a t i n g /
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m a t in g  s u r f a c e s  were p e r f e c t l y  d ry  and f r e e  from f i l m  was 
compared w i t h  t h a t  r e q u i r e d  f o r  an a ssem bly  in  which t h e  
m a t in g  s u r f a c e s  were S e p a r a t e d  by an a d s o r b e d  l u b r i c a t i n g  
f i l m .  S ix  p i n s  and c o l l a r s  o f  t h e  same m a t e r i a l  and 
d im e n s io n s  a s  t h o s e  p r e v i o u s l y  d e s c r i b e d  were o b t a i n e d .
The m a t in g  e le m e n t s  in  e ach  c a se  had  a f i t  a l lo w a n ce  o f  
1 / 1 , 0 0 0  i n c h .  A f i t  a l lo w a n c e  o f  t h i s  o r d e r  w i l l  in du ce  
a r a d i a l  p r e s s u r e  i n t e n s i t y  a t  t h e  m a t in g  s u r f a c e s  o f  
3 .3 7  t o n s  p e r  s q . i n . ,  and a hoop s t r e s s  i n t e n s i t y  a t  t h e  
b o re  l a y e r  o f  5 .6 3  t o n s  p e r  s q . i n .  The e le m e n t s  b e f o r e  
e ach  assem bly  were washed t h r e e  t im e s  w i t h  soap and h o t  
w a t e r ,  r i n s e d  w e l l  w i th  h o t  w a t e r  f rom th e  t a p  and th e  
m a t in g  s u r f a c e s  d r i e d  im m e d ia te ly  w i t h  s h e e t s  o f  c l e a n  
b l o t t i n g  p a p e r .  A p e r i o d  o f  two days  e l a p s e d  a f t e r  e ach  
assem b ly  was made b e f o r e  t h e  back p r e s s u r e  t e s t  was a p p l i e d .
(1) S h r in k  F i t  Assembly T e s t s : -  E x p er im en ts  were c a r r i e d  
o u t  w i th  two p i n s  and two c o l l a r s  h a v in g  a f i t  a l lo w a n c e  
o f  i / i  ,000 i n c h .  The c o l l a r s  were h e a t e d  by a g a s - b u r n e r  
u n t i l  a h o l e  c l e a r a n c e  was o b t a i n e d ,  a s  m easured  by a gauge ,  
which would j u s t  a l lo w  t h e  c o l l a r  t o  s l i p  ove r  th e  p i n .
T e s t  A. -  The e le m e n t s  were a s se m b le d  w i th  th e  m a t ing  
s u r f a c e s  p e r f e c t l y  d r y  and f r e e  f rom f i l m .  The m a t in g  
s u r f a c e  o f  t h e  h o l lo w  e le m e n t  had  j u s t  t h e  s l i g h t e s t  to u ch  
o f  c o l o u r i n g  due t o  t h e  h e a t  a p p l i e d .
The 2 0 - to n  Amsler  t e s t i n g  machine f a i l e d  t o  s e p a r a t e  t h e  
e l e m e n t s  and t h e  back p r e s s u r e  t e s t  was com ple ted  by a 
1 0 0 - t o n  Avery h o r i z o n t a l  t e s t i n g  m ach ine .  An i n i t i a l  l o a d  
o f  28 .8  t o n s  was r e q u i r e d  t o  p ro d uce  s l i p  b u t  a much g r e a t e r  
a x i a l  l o a d  was r e q u i r e d  t o  m a i n t a i n  t h i s  c o n d i t i o n .  The 
l o a d  d iag ra m  on a b ase  o f  b o re  l e n g t h  f o r  t h e  p a r t i a l  
s e p a r a t i o n  o f  t h e  e le m e n t s  i s  g iv e n  i n  F i g .  3 6 *
The e l e m e n t s  o f  t h i s  a ssem bly  a r e  shown in  F i g . 3 9 *  The
c l e a n /
F i g . 3 S  Load Diagrams f o r  S h r in k  F i t  Assembly T e s t s .
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c l e a n  m a t in g  a ssem bly  had  a l lo w e d  s e i z u r e  to  occu r  so 
s t r o n g l y  t h a t  when s l i p  to o k  p l a c e  th e  s u r f a c e  p a r t i c l e s  o f  
each  s o l i d  were p u l l e d  o u t  o f  p o s i t i o n .  The m at ing  
s u r f a c e s  were t o r n  t d  such  a d e p th  t h a t  no f u r t h e r  u se  
c o u ld  be made o f  t h e  e l e m e n t s .  The q u a l i t y  o f  th e  g r i p  
e s t a b l i s h e d  was such t h a t  t h e  t a p e r  p a r t  o f  t h e  s o l i d  
e le m e n t  was shorn  o f f ,  a s  shown in  Fig.3Q> and l e f t  f i r m l y  
embedded i n  t h e  s u r f a c e  o f  t h e  ho l low  e le m e n t .
T e s t  B. -  The ho l lo w  e le m e n t  was p r e p a r e d  a s  in  T e s t  A. 
The s o l i d  e le m e n t  or  p i n  had  a t h i n  f i l m  o f  r a p e  o i l  on th e  
s u r f a c e .
The back  p r e s s u r e  t e s t  was c a r r i e d  o u t  on th e  Amsler 
machine  and a ton nag e  o f  8 . 5  t o n s  was r e c o r d e d  when s l i p  
o c c u r e d .  T h is  p r e s s u r e  d ropped  im m e d ia te ly  t o  a  v a l u e  o f
2 .8  t o n s  and th e n  g r a d u a l l y  f e l l  o f f  a s  th e  s e p a r a t i o n  o f  
t h e  e l e m e n t s  p r o c e e d e d .  The l o a d  d iag ra m  on a b a se  o f  
b o re  l e n g t h  f o r  t h e  com ple te  w i t h d r a w a l  o f  t h e  s o l i d  
e le m e n t  i s  g iv e n  i n  F i g . 33*
Very good s u r f a c e  c o n d i t i o n s  o b t a i n e d  a f t e r  d i s m a n t l i n g  t h e  
e l e m e n t s ,  a s  i s  shown i n  F i g . 3 9 *  There  was no s i g n  o f  
even t h e  t i n i e s t  h a i r - l i n e  s c r a t c h  b u t  t h e r e  was e v id e n c e  
t h a t  t h e  m a t in g  s u r f a c e s  h ad  been s e p a r a t e d  by a l u b r i c a t i n g  
f i l m .  The d a r k i s h  c o lo u r  i n  th e  b 6r e  s u r f a c e  c o u ld  be 
l i f t e d  o f f  w i th  t h e  l i g h t e s t  t o u c h  o f  t h e  f i n g e r  t i p ,  
r e v e a l i n g  t h e  b r i g h t  s t e e l  m a t in g  s u r f a c e  u n d e r n e a t h .
I t  was d e c i d e d ,  s i n c e  t h e  s u r f a c e s  were i n  p e r f e c t  
c o n d i t i o n  and t h e r e  was no change i n  t h e  m a t in g  d im e n s io n s ,  
t o  r e - a s s e m b l e  t h e s e  e l e m e n t s  u n d e r  d i f f e r e n t  c o n d i t i o n s .
T e s t  B]_. -  The e le m e n t s  were  r e - a s s e m b l e d  w i th  t h e  m a t ing  
s u r f a c e s  p e r f e c t l y  d ry  and f r e e  f rom f i l m  a s  in  T e s t  A.
There was a s l i g h t  c r e a k i n g  when t h e  l o a d  a p p l i e d  r e a c h e d  
8 . 5  t o n s ,  b u t  t h e r e  was no m e a su ra b le  s i g n  o f  s l i p  w i t h i n  
t h e  l o a d  c a p a c i t y  o f  th e  Amsler m ach ine .  S l i p  took  p l a c e  
when a l o a d  o f  2 8 .2  t o n s  was r e a c h e d  on t h e  100- t o n  t e s t i n g  
m a c h in e /
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F i g .  3 9  S h r in k  F i t  E lem en ts .
TEST A: P a r t i a l  s e p a r a t i o n  o f  e le m e n t s  mated w i th
s u r f a c e s  p e r f e c t l y  d ry  and f r e e  from f i l m .
TEST B: E lem en ts  a f t e r  back
p r e s s u r e  t e s t .  Assembled 
w i th  r a p e  o i l  f i l m  on s o l i d  
e l e m e n t .
TEST B j : E lements  a f t e r  back
p r e s s u r e  t e s t .  Assembled 
w i th  s u r f a c e s  p e r f e c t l y  dry 
and f r e e  from f i l m .
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m achine ,  and an i n c r e a s e  i n  l o a d  was r e q u i r e d ,  as  in  T e s t  A, 
t o  p roduce  f u r t h e r  s l i p p i n g  be tw een  th e  e l e m e n t s .  The lo a d  
d iag ra m  f o r  th e  com ple te  s e p a r a t i o n  o f  t h e  e le m e n t s  i s  
g iv e n  in  F i g . 36*
The e le m e n t s  o f  t h i s  a ssem bly  a r e  shown in  F i g . 5 9  .
The m at ing  s u r f a c e s  were v e r y  b a d ly  t o c n ,  l a r g e  p i e c e s  o f  
e ac h  m at ing  e le m e n t  b e in g  p u l l e d  o u t  o f  p o s i t i o n .  The g r i p  
was so w e l l  e s t a b l i s h e d  t h a t ,  a s  i n  T e s t  A, p a r t  o f  t h e  
s o l i d  e le m e n t  was shown o f f  d u r i n g  w i th d r a w a l  and l e f t  
f i r m l y  f i x e d  t o  t h e  s u r f a c e  o f  t h e  h o l lo w  e le m e n t .
These e x p e r i m e n t s  d e m o n s t r a t e  t h a t  a p r im a ry  f i l m  may 
s e p a r a t e  t h e  e l e m e n t s  i n  a s h r i n k  f i t  a ssem bly  even when 
mated  u n d e r  a h i g h  r a d i a l  p r e s s u r e  i n t e n s i t y .  The r e s u l t s  
i n d i c a t e  t h a t  t h e  p r e s e n c e  o f  such a f i l m  w i l l  r e s u l t  i n  an 
enormous r e d u c t i o n  i n  t h e  a x i a l  r e s i s t a n c e  o f  th e  e l e m e n t s  
t o  s l i p .
( I I )  Cr^nk Web S h r in k a g e  A l lo w a n c e s : -  I t  i s  i m p o r t a n t  
t o  n o t e  t h a t  many b u i l d e r s  o f  c r a n k s h a f t s  make a d so rb e d  
f i l m  c o n d i t i o n s  p o s s i b l e  by l u b r i c a t i n g  t h e  p i n  and 
j o u r n a l s  in  t h e  hope o f  a v o i d i n g  p r e s e i z u r e  o f  t h e  e le m e n t s  
on a s se m b ly .  The d e t r i m e n t a l  e f f e c t s  o f  t h i s  c a n n o t  be 
f u l l y  met by i n c r e a s e d  s h r i n k a g e .  I t  I s  p o s s i b l e  t h a t ,
In  some c a s e s ,  h ig h  s h r i n k a g e  a l l o w a n c e s  have  been  a d o p te d  
t o  p r e v e n t  f a i l u r e s  n o t  a s s o c i a t e d  w i t h  a s h r i n k a g e  a l lo w a n ce  
b u t  e n t i r e l y  due t o  a  s u r f a c e  f i l m  c o n d i t i o n .  Moreover ,  
t h e s e  e x c e s s i v e  s h r i n k a g e  a l l o w a n c e s  can n o t  be r e g a r d e d  a s  
r e p r e s e n t i n g  t h e  b e s t  c o n d i t i o n s  o f  a ssem b ly  i n  a u n i t  which 
i s  d e p e n d e n t  upon t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  m a t in g  
m a t e r i a l s  f o r  i t s  g r i p .
I t  may be a d v i s a b l e ,  a t  t h i s  s t a g e ,  t o  examine th e  f i t  
a l l o w a n c e s  employed and t h e  m ag n i tud e  o f  th e  s t r e s s e s  
i n d u ce d  i n  a  b u i l t - u p  c r a n k s h a f t  a s se m b ly .
C o n s i d e r /
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C o n s id e r  t h e  web h a v in g  d im e n s io n s  wuch t h a t  B / r  r  1 .8 7 6 .  
S u b s t i t u t i n g  f o r  B and r  in  e q u a t i o n  ( 1 ) ,  t h e  i n t e r f a c e  
r a d i a l  p r e s s u r e  i n t e n s i t y  i s  g iv e n  by
Pr  = 47855 
and t h e  hoop s t r e s s  a t  t h e  b o re  l a y e r  by
f r  ■ 1 .8  p r
The e l a s t i c  f a i l u r e  c o n d i t i o n  u n d e r  t h e  combined s t r e s s  
due t o  pr  and f r  i s  g iv e n  by
1 .8  2 ^ (Maximum p r i n c i p a l  s t r e s s  t h e o r y )
2 .1  p s  f  (Maximum p r i n c i p a l  s t r a i n  t h e o r y )r  L
2 .8  p f  (Maximum s h e a r  s t r e s s  t h e o r y )
r  ” L
2 .3  p„ -  f T(Maximum s t r a i n  e n e rg y  t h e o r y )r  l
TABLE 13* -  S t r e s s e s  Induced  by V a r io u s
S h r in k a g e  A l lo w an ces .
Shr inkage  
A l low ance .
B a d ia l
P r e s ­
s u r e .
Hoop 
S t r e s s .
P r i n c i ­
p a l
S t r e s s
Theory .
P r i n c i ­
p a l
S t r a i n
Theory .
Shear
S t r e s s
Theory .
S t r a i n
Energy
Theory .
S /d  
th o u sa n d th s  
of an in ch  
per inch  d ia ,
pr
t o n s  p e r  
s q . i n .
f P
t o n s  p e r  
s q . i n .
f L
t o n s  p e r  
s q . i n .
f L
t o n s  p e r  
s q . i n .
f L
t o n s  p e r  
s q . i n .
f L
t o n s  p e r  
s q . i n .
1 .0 4 .785 8 .6 1 3 8 .6 1 1 0 .0 5 1 3 .4 0
i
11 .01
1 .25 5 .98 1 10 .766 10 .7 7 1 2 .5 6 1 6 .7 5 13 .76
1 .50 7 .1 7 8 1 2 .9 2 1 2 .9 2 1 5 .0 ? 20 .10 16 .5 1
1.75 8 .3 7 4 15 .073 1 5 .0 7 1 7 .5 9 23 .45 1 9 .2 6
2.00 9 .5 7 1 7 .226 1 7 .2 3 20.10 26 .80 22 .01
The webs i n  such  an a ssem b ly  a r e  g e n e r a l l y  made from a 
28- t o  3 2 - t o n  r o l l e d  s l a b  s t e e l  and t h e  s h r i n k a g e  a l lo w a n c e  
by c r a n k s h a f t  makers i s  be tween  1 and 1 .7 5  t h o u s a n d t h s  o f  an 
i n c h  p e r  in ch  d i a m e t e r .  I t  w i l l  be o b s e r v e d  from T ab le  13 
t h a t  a s h r i n k a g e  a l lo w a n c e  o f  1 .7 5  t h o u s a n d t h s  o f  an i n c h  
p e r /
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p e r  i n c h  d i a m e t e r .w o u l d  r e q u i r e  th e  e l a s t i c  l i m i t  to  be 
n o t  l e s s  t h a n  19 .2 6  t o n s  p e r  s q . i n .  An e l a s t i c  c o n d i t i o n  
o f  t h i s  o r d e r  o b t a i n e d  in  t h e  c a se  o f  t h e  f o r c e - f i t  a ssem bly  
h a v i n g  a f i t  a l lo w a n c e  o f  1 .7 5  t h o u s a n d t h s  o f  an i n c h  p e r  
i n c h  d i a m e t e r .
T h is  i s  a f i g u r e  a s s o c i a t e d  w i th  s t e e l  o f  h i g h  q u a l i t y  and i s  
much in  e x c e s s  o f  t h a t  o b t a i n e d  from a 28- t o  3 2 - to n  s t e e l .  
L o a d - e x t e n s i o n  c u rv e s  o b t a i n e d  from t e s t  p i e c e s  t a k e n  from a 
s t e e l  bloom b e f o r e  b e in g  r o l l e d  i n t o  s l a b s  f o r  c ran k  webs 
gave an a v e r a g e  e l a s t i c  l i m i t  v a l u e  o f  9 .5  t o n s  p e r  s q . i n .  
T h is  m a t e r i a l  may be r e g a r d e d  a s  r e p r e s e n t a t i v e  o f  t h e  
q u a l i t y  o f  t h e  s t e e l  in  t h e  c e n t r e  p a r t  o f  th e  c ra n k  web 
which h a s  had c o m p a r a t i v e l y  l i t t l e  work done on i t  d u r i n g  
r o l l i n g .  The h ig h  s h r in k a g e  a l l o w a n c e ,  t h e r e f o r e ,  a d o p te d  
by some c r a n k s h a f t  makers  i s  bound t o  i n t r o d u c e  p l a s t i c  o r  
s e m i - p l a s t i c  c o n d i t i o n s  w e l l  i n t o  t h e  w a l l  t h i c k n e s s  o f  th e  
web m a t e r i a l .  I t  i s  s u g g e s t e d  t h a t  a s u c c e s s f u l  s h r i n k a g e  
a s sem b ly  may be e f f e c t e d  w i t h  t h e  w a l l  t h i c k n e s s  o f  t h e  
ho l lo w  e le m e n t  e n t i r e l y  w i t h i n  t h e  e l a s t i c  ran g e  o f  t h e  
m a t e r i a l .
( I l l )  Assembly by E x p an s io n  F i t . By t h i s  method t h e  
s o l i d  e le m e n t  i s  c o o le d  t o  an e x t r e m e l y  low t e m p e r a t u r e  by 
imm ers ing  i t  i n  a r e f r i g e r a n t .  T h is  b r i n g s  a b o u t  a 
r e d u c t i o n  i n  t h e  d i a m e t e r  which  w i l l  a l lo w  o f  i t  b e in g  
s l i p p e d  e a s i l y  i n t o  t h e  h o l e  o f  t h e  h o l lo w  e l e m e n t .  The 
s o l i d  e l e m e n t ,  i n  r e t u r n i n g  t o  no rm al  t e m p e r a t u r e  c o n d i t i o n s ,  
expands  and t h e  e l a s t i c  s t r a i n s  and s t r e s s e s  i n d u c e d  i n  t h e  
e l e m e n t s  r e s u l t  i n  an e f f e c t i v e  g r i p  b e in g  e s t a b l i s h e d .
L iq u i d  oxygen,  whose b o i l i n g  p o i n t  i s  a t  t h e  e x t r e m e l y  low 
t e m p e r a t u r e  o f —190 deg .  C.—(310 d eg .  P . ) ,  was u s e d  a s  a 
c o o l i n g  a g e n t .  The amount o f  c o n t r a c t i o n  p o s s i b l e ,  which 
s e t s  a l i m i t  t o  t h e  maximum p o s s i b l e  f i t  a l lo w a n c e  by t h i s  
method o f  a s s e m b ly ,  i s  d e te r m in e d  by th e  t e m p e r a t u r e  a t  which 
t h e /
t h e  c o o l i n g  a g e n t  e v a p o r a t e s .  The s o l i d  e le m e n t  sh o u ld  
j u s t  be a push f i t  when f u l l y  c o o l e d .  A l though  th e  shape 
o f  t h e  p a r t  may i n f l u e n c e  th e  t im e  n e c e s s a r y  to  b r i n g  a b o u t  
th e  l o w e r in g  o f  th e  t e m p e r a t u r e ,  t h e  l i q u i d  r e q u i r e m e n t s  a r e  
d e te r m in e d  by th e  m a t e r i a l  and w e ig h t  o f  th e  p a r t  immersed.  
These r e q u i r e m e n t s  can be r e d u c e d  i f  t h e  r e f r i g e r a t i n g  
c a p a c i t y  o f  th e  v ap ou r  which comes o f f  t h e  oxygen as  i t  
e v a p o r a t e s  i s  u s e f u l l y  employed i n  p recoc r i in g  th e  p a r t s  
b e f o r e  im m ers ion .
(IV) E x p ans io n  F i t  Assembly T e s t s : E x p e r im en ts  were
c a r r i e d  o u t  w i th  two p i n s  and two c o l l a r s  h a v in g  a f i t  
a l lo w a n ce  o f  1 / 1 ,0 0 0  i n c h .  The s o l i d  e l e m e n t s  were c o o le d  
by l i q u i d  oxygen to  a  t e m p e r a t u r e  o f  a p p r o x i m a t e ly  -  310 d e g . F .  
which a l l o w e d  o f  t h e  p i n ,  i n  each c a s e ,  b e in g  e a s i l y  s l i p p e d  
i n t o  th e  h o l e  o f  t h e  c o l l a r .
T es t  C. -  The e le m e n t s  were a ssem b led  w i th  t h e  m at ing  
s u r f a c e s  p e r f e c t l y  d ry  and f r e e  f rom f i l m .  The p i n ,  a f t e r  
removal  from th e  r e f r i g e r a n t ,  was ru b b ed  h u r r i e d l y  w i th  a 
c l e a n  c l o t h  b e f o r e  making t h e  a sse m b ly .
The back  p r e s s u r e  t e s t  was c a r r i e d  o u t  on t h e  Amsler m ach ine ,  
and a lo ad  o f  4 .3 5  t o n s  was r e c o r d e d  when s l i p  o c c u r r e d .
T h is  p r e s s u r e  r o s e  t o  a maximum o f  5 .0 5  t o n s  and an a v e r a g e  
p r e s s u r e  o f  a l i t t l e  o v e r  4 t o n s  was r e q u i r e d  to  m a i n t a i n  
a c o n d i t i o n  o f  s l i p  o v e r  t h e  f i r s t  h a l f  o f  th e  o p e r a t i o n .
The l o a d  d ia g ra m  on a b a se  o f  b o r e  l e n g t h  f o r  t h e  com ple te  
w i th d r a w a l  o f  t h e  s o l i d  e le m e n t  i s  shown i n  F i g . ^ - 0 .
The e l e m e n t s  o f  t h i s  a ssem bly  a r e  shown i n  F ig .4 * |  .
The m a t in g  s u r f a c e s  were i n  p e r f e c t  c o n d i t i o n .  A few 
e x t r e m e l y  f i n e  h a i r - l i n e s  c o u ld  be s e e n ,  b u t  n o t  f e l t ,  on 
t h e  b o re  s u r f a c e ,  and t h e s e ,  i f  rub b ed  l i g h t l y  w i t h  t h e  
f i n g e r - t i p s ,  c o u ld  be removed.


















Fig. 40 Load Diagrams f o r  E xpans ion  F i t  Assembly T e s t s .
T e s t  C  o  O Exbansion Fit Assembly.Mating surfaces 
fmrfeotlij drijand free from film.
T e s t  D o  ~©~Ex|>a«llion Fit Assembly. oil Film rm 
meting surface of Hallow element.
T E S T  D ( o O S  brink F it  Assem bly. Elements used in 
"Test D T eassem bled ini Hi meting s u r ­
faces  kerfectl^ drg and free from file
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T e s t  D. -  The s o l i d  e le m e n t  was p r e p a r e d  as  i n  T e s t  CL.
The h o l lo w  e le m e n t  had  a t h i n  f i l m  o f  r a p e  o i l  on t h e  b o re  
s u r f a c e .
The back  p r e s s u r e  t e s t  gave a l o a d  o f  3 .425  to n s  when s l i p  
o c c u r r e d .  The p r e s s u r e  t h e n  d ro pp ed  su d d e n ly ,  r i s i n g  
^ a f t e r w a r d s  to  a v a l u e  o f  3 .1 5  t o n s ,  a f t e r  which t h e r e  was a 
g r a d u a l  d ro p .  The l o a d  d iag ra m  on a b a se  o f  b o re  l e n g t h  
f o r  t h e  com ple te  s e p a r a t i o n  o f  t h e  e le m e n t s  i s  shown i n  
F i g .  4 0 .
The e le m e n t s  o f  t h i s  a ssem b ly  a r e  shown i n  Fig-41 and g iv e  
e v id e n c e  o f  th e  e x c e l l e n t  s u r f a c e  c o n d i t i o n s  t h a t  o b t a i n e d  
a f t e r  b r e a k i n g  th e  f i t .  There were a few f i n e  h a i r - l i n e s  
on t h e  m a t in g  s u r f a c e  o f  t h e  h o l lo w  e le m e n t  s i m i l a r  i n  
c h a r a c t e r  t o  t h o s e  d e s c r i b e d  in  T e s t  C. I t  was d e c i d e d ,  
s i n c e  t h e r e  was no change i n  t h e  m a t in g  d im e n s io n s ,  to  
r e a s s e m b le  t h e s e  e le m e n t s  u n d e r  d i f f e r e n t  c o n d i t i o n s .
T e s t  Dt . -  The e le m e n t s  were r e a s s e m b le d  by s h r i n k a g e  
w i th  t h e  m a t in g  s u r f a c e s  p e r f e c t l y  d r y  and f r e e  from f i l m .
S l i p  took  p l a c e  when a l o a d  o f  20 .86  t o n s  was r e a c h e d  on 
t h e  1 0 0 - to n  t e s t i n g  m ach ine .  A much g r e a t e r  a x i a l  t h r u s t  
was r e q u i r e d ,  how ever ,  t o  e f f e c t  f u r t h e r  s e p a r a t i o n  o f  t h e  
e l e m e n t s .  P a r t  o f  t h e  l o a d  d ia g ra m  on a base  o f  bo re  l e n g t h  
i s  shown i n  F i g .  4-0.
The e l e m e n t s  o f  t h i s  a ssem bly  a r e  shown in  F i g . 41 . S e i z u r e
a t  t h e  p o i n t s  o f  c o n t a c t  was so s t r o n g  t h a t  s l i p  c au se d  th e  
s u r f a c e  p a r t i c l e s  o f  each  e le m e n t  t o  be p u l l e d  o u t  o f  p o s i t i o n  
and t h e s e  were  r o l l e d  and d ra g g e d  d u r i n g  f u r t h e r  s e p a r a t i o n  
o f  t h e  e l e m e n t s  so t h a t  t h e  m a t in g  s u r f a c e s  were v e r y  b a d ly  
t o r n .
The low to n n a g e  o b t a i n e d  in  T e s t  C, t o g e t h e r  w i t h  t h e  
e x c e l l e n t  c o n d i t i o n  o f  th e  m a t in g  s u r f a c e s  a f t e r  d i s m a n t l i n g ,  
would s u g g e s t  t h a t  t h e  s o l i d  e l e m e n t s  were s e p a r a t e d  by a 
v e r y /
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F ig  - . E xpans ion  F i t  E le m e n ts .
TEST C: E lements  a f t e r  back
p r e s s u r e  t e s t .  Assembled 
w i th  s u r f a c e s  p e r f e c t l y  d ry  
and f r e e  from f i l m .
TEST D: E lements  a f t e r  back
p r e s s u r e  t e s t .  Assembled 
w i t h  r a p e  o i l  f i l m  on 
bore  s u r f a c e .
TEST D: E lem ents  a f t e r  back  p r e s s u r e  t e s t .
S h r in k  f i t  a ssem bly  w i th  s u r f a c e s  p e r f e c t l y  
d ry  and f r e e  from f i l m .
v e r y  t h i n  f i l m  and f a i l e d  t o  make a c t u a l  c o n t a c t .  A l though  
an endeavour  was made to  have t h e  s u r f a c e s  p e r f e c t l y  d ry  and 
f r e e  from f i l m  a t  t h e  i n s t a n t  a t  which  t h e  assem bly  took  
p l a c e ,  t h e r e  can be no doub t  b u t  t h a t  a  w a te r  f i l m  formed 
on th e  p in  by f r o s t i n g  d u r i n g  t h e  e x p a n s io n  p e r i o d .  T h is  
f i l m  would a c t  a s  a l u b r i c a n t  and th e  f r i c t i o n  d u r i n g  s l i p  
o f  t h e  e l e m e n t s  would be t h a t  due t o  two p r im a ry  w a te r  f i l m s ,  
one on each m a t in g  s u r f a c e .  As a l r e a d y  p o i n t e d  o u t ,  t h e  
t e m p e r a t u r e  o f  th e  r e f r i g e r a n t  s e t s  a  l i m i t  to  t h e  maximum 
p o s s i b l e  f i t  a l lo w a n c e  by t h i s  method o f  a s se m b ly ,  and i t  
would a p p e a r  t h a t  a l i m i t  i s  a l s o  s e t  to  t h e  q u a l i t y  o f  th e  
g r i p  by th e  w a t e r  f i l m  p rod u ced  d u r i n g  f r o s t i n g .  The Author  
knows o f  no e f f e c t i v e  means,  u n l e s s  th e  o p e r a t i o n  i s  c a r r i e d  
o u t  u n d e r  i d e a l  d ry  a i r  c o n d i t i o n s ,  o f  g e t t i n g  r i d  o f  t h e  
f i l m  p ro d uced  d u r i n g  t h e  p e r i o d  o f  e x p a n s io n .  This  would 
i n d i c a t e  t h a t  t h i s  method i s  l i m i t e d  t o  an a ssem bly  o f  u n i t s  
in  which t h e  h o l low  e le m e n t  t a k e s  o n ly  a  sm a l l  p r o p o r t i o n  o f  
t h e  maximum t h r u s t  o r  t o r q u e  t r a n s m i t t e d  by t h e  s o l i d  e le m e n t
(V) Force  F i t  Assembly T e s t s :  E xp er im e n ts  were c a r r i e d
o u t  w i t h  two p i n s  and two c o l l a r s  h a v i n g  a  f i t  a l lo w a n c e  o f  
1 / 1 ,0 0 0  i n c h .  The p r e s s i n g  o p e r a t i o n s  were c a r r i e d  o u t  on 
a 2 0 - to n  Amsler t e s t i n g  machine o p e r a t e d  u n d e r  o i l  p r e s s u r e .  
The machine was r e g u l a t e d  t o  e f f e c t  a com ple te  a ssem bly  o r  
d i s m a n t l e  t h e  e l e m e n t s  i n  a p p r o x i m a t e ly  t w e n t y - f i v e  m in u te s .  
Two d i f f e r e n t  l u b r i c a n t s  were u s e d .
T e s t  E. -  E lem en ts  a s se m b le d  w i th  r a p e  o i l  f i l m  on 
m a t in g  s u r f a c e s .
T e s t  F. -  E lem ents  a s se m b le d  w i th  Bayonne o i l  f i l m  on 
m a t in g  s u r f a c e s .
The l o a d  d ia g r a m s  on a b a se  o f  b o re  l e n g t h  f o r  t h e  com ple te  
s e p a r a t i o n  o f  t h e  e le m e n t s  a r e  shown i n  Fig.^*2.* The back  











F i g . 4-2. Load Diagrams f o r  Force  F i t  Assembly T e s t s .
T E S T  F - 0 —— O —Force R t  Assembly. Bevonneoil film 
on meHng surfaces
T e s t  E  O ■ o — Force Fit Assembly. Ra|>e oil film on 
m ating s u r f a c e s ."
T E S T  D ~ o  O— Exbansion Fit Assembly. Rabe oil film on 
mating su rface  of hollow element.
T E S T  B o  —O— Shrink Fit Assembly. Rebe oil film on 



















+  m6 *E I'tt 1*4 
L e n g t h  h p  R h p f ; - i— —
F i g .  4-3 Force  F i t  E le m e n ts .
TEST E: E lem ents  a f t e r  back  p r e s s u r e  t e s t .  Assembled
w i th  r a p e  o i l  f i l m  on m a t in g  s u r f a c e s .
«
TEST F: E lem en ts  a f t e r  back p r e s s u r e  t e s t .  Assembled
w i th  Bayonne o i l  f i l m  on m a t ing  s u r f a c e s .
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p r e s s u r e  l o a d s  f o r  th e  same f i l m  c o n d i t i o n  by t h e  o t h e r  two 
assem bly  methods a r e  a l s o  shown and p r o v i d e  a b a s i s  o f  
com par ison .
The e l e m e n t s  o f  t h e s e  a s s e m b l i e s  a r e  shown i n  F i g . 4 -5 .
The b e a r i n g  s u r f a c e s  o f  t h e  h o l lo w  and s o l i d  e le m e n t s  i n  b o th  
b a s e s  were  in  an e x c e l l e n t  c o n d i t i o n ,  n o t  even th e  t i n i d s t  
h a i r - l i n e  mark b e in g  v i s i b l e .
The l o a d  d ia g ra m s  shown i n  F i g .  4 2 -  would s u g g e s t  t h a t  a 
f o r c e  f i t  a s se m b ly  o f  e l e m e n t s  u s i n g  a s  a l u b r i c a n t  Bayonne 
o i l ,  a  m in e r a l  o i l ,  may a f f o r d  a q u a l i t y  o f  g r i p  f a r  s u p e r i o r  
t o  t h a t  e s t a b l i s h e d  by even a s h r i n k  f i t  o r  e x p a n s io n  f i t  
a s sem b ly  i f  t h e  m a t in g  s u r f a c e s  a r e  s e p a r a t e d  by a f i l m  w i th  
a d i s t i n c t  o i l i n e s s  c h a r a c t e r i s t i c .
(h) T o r s i o n a l  B e s i s t a n c e  t o  S l i p .
The q u a l i t y  o f  t h e  g r i p  e s t a b l i s h e d  be tween e le m e n t s  u n d e r  
t h e  d i f f e r e n t  c o n d i t i o n s  o f  a s sem b ly  c o n s i d e r e d  h a s  been  
m easured  by compar ing  t h e  a x i a l  r e s i s t a n c e  o f  t h e  e le m e n t s  
t o  s l i p .  These a s s e m b l i e s  a r e  u s u a l l y  made, how ever ,  f o r  
t h e  t r a n s m i s s i o n  o f  t o r q u e ,  and a l t h o u g h  in  some c a s e s  t h e y  
may o n ly  t r a n s m i t  a sm a l l  p r o p o r t i o n  o f  t h e  s h a f t  t o r q u e  
t h e y  may in  o t h e r  c a s e s  be c a l l e d  upon t o  t r a n s m i t  t h e  f u l l  
t o r q u e  c a p a c i t y  o f  t h e  s h a f t .  I t  was th o u g h t  a d v i s a b l e ,  
t h e r e f o r e ,  t o  make a few a s s e m b l i e s  u n d e r  d i f f e r e n t  
c o n d i t i o n s  and t o  compare t h e  g r i p  by th e  t o r s i o n a l  
r e s i s t a n c e  o f  t h e  e l e m e n t s  t o  s l i p .  I t  was hoped t h a t  
t h i s  would a l s o  p r o v i d e  s u f f i c i e n t  d a t a  f o r  compar ing  th e  
a x i a l  and t o r s i o n a l  c o e f f i c i e n t s  o f  f r i c t i o n  f o r  t h e  
d i f f e r e n t  a s se m b ly  c o n d i t i o n s .  The s o l i d  e l e m e n t ,  i n  t h i s  
c a s e ,  was s u p p o r t e d  h o r i z o n t a l l y  between c e n t r e s  and f i r m l y  
f i x e d  a t  one end .  The h o l lo w  e le m e n t  had two n o t c h e s  c u t  
on t h e  o u t e r  s u r f a c e  a s  shown i n  F i g . 4*4*. In  o r d e r  to  
t e s t  i f  t h i s  would i n  any way i n f l u e n c e  t h e  g r i p ,  a  f o r c e  
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f i t  a s sem b ly  w i th  r a p e  o i l  a s  a l u b r i c a n t  was made w i th  th e  
same ho l low  e le m e n t  b e f o r e  and a f t e r  n o t c h e s  had been c u t  
on t h e  o u t e r  s u r f a c e .  The l o a d  d ia g ra m s  p l o t t e d  on a base  
o f  b o re  l e n g t h ,  shown i n  F i g .4*4-, s u g g e s t  t h a t  t h e  g r i p p i n g  
power o f  t h e  a ssem bly  was u n a f f e c t e d .  The l e v e r  a r r a n g e m e n t ,  
shown i n  t h e  same F i g u r e ,  was made t o  engage w i th  t h e  n o t c h e s  
c u t  in  t h e  h o l lo w  e le m e n t  w i t h o u t  t r a n s m i t t i n g  any a p p r e c i a b l e  
l o a d  to  t h e  o u t e r  s u r f a c e .  The p u l l  a t  t h e  f r e e  end was 
a p p l i e d  by p u l l e y  b l o c k s  and th e  v a l u e ,  when s l i p  o c c u r r e d ,  
was a c c u r a t e l y  d e te r m in e d  by th e  sudden drop  i n  t h e  s p r i n g  
b a l a n c e  r e a d i n g .  C lean  m at ing  s u r f a c e  c o n d i t i o n s  were 
o b t a i n e d  in  each  c a se  by th e  methods d e s c r i b e d  in  p r e v i o u s  
t e s t s .
( I )  T e s t s  t o  i n v e s t i g a t e  T o r s i o n a l  S l i p : Three t e s t s
were  c a r r i e d  o u t  w i th  t h e  same p i n  and c o l l a r  h a v in g  a f i t  
a l lo w a n c e  o f  0*5 t h o u s a n d t h  i n c h .  A f i t  a l lo w a n ce  o f  t h i s  
o r d e r  w i l l  i n d u ce  a r a d i a l  p r e s s u r e  i n t e n s i t y  a t  t h e  m a t in g  
s u r f a c e s  o f  1*68 t o n s  p e r  s q . i n .
T e s t  G. -  The f o r c e  f i t  a s sem b ly  was made w i th  a r a p e  
o i l  f i l m  on t h e  m a t in g  s u r f a c e s .
The p u l l  was a p p l i e d  a t  60 i n c h e s  f rom t h e  a x i s  o f  r o t a t i o n  
and i n i t i a l  s l i p  to ok  p l a c e  when a p u l l  o f  90 l b .  was 
r e c o r d e d  on t h e  s p r i n g  b a l a n c e .  The p u l l  was i n c r e a s e d  to  
95 l b .  b e f o r e  f u r t h e r  s l i p  o c c u r r e d .
The back  p r e s s u r e  t e s t  was c a r r i e d  o u t  on t h e  Amsler machine 
and a l o a d  o f  2*6 t o n s  was r e c o r d e d  when s l i p  o c c u r r e d .
The l o a d  d ia g r a m  on a b a s e  o f  b o re  l e n g t h  f o r  t h e  com ple te  
w i t h d r a w a l  o f  t h e  s o l i d  e le m e n t  i s  g iv e n  i n  F i g . 4*5 .
There  was no change i n  t h e  m a t in g  d i m e n s i o n s ,  a f t e r  s e p a r a t i o n ,  
and t h e  s u r f a c e s  were found  t o  be i n  a v e r y  good c o n d i t i o n .
T h is  a l lo w e d  o f  a f u r t h e r  a ssem b ly  o f  t h e  e l e m e n t s .
T e s t  H. -  For th e  s h r i n k  f i t  a s se m b ly  t h e  e l e m e n t s  were 
r e - a s s e m b l e d  w i th  a  r a p e  o i l  f i l m  on t h e  m a t in g  s u r f a c e  o f
th e  s o l i d  e l e m e n t .
I n i t i a l /
F i g . -45 Back P r e s s u r e  a f t e r  S l i p p i n g  by Torque.
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I n i t i a l  s l i p  too k  p l a c e  when a p u l l  o f  100 l b .  was r e c o r d e d  
on t h e  s p r i n g  b a l a n c e .  F u r t h e r  s l i p  was p o s s i b l e ,  however ,  
w i th  a p u l l  o f  80 l b .
A back p r e s s u r e  o f  2 .6  t o n s  was r e q u i r e d  t o  in d uce  i n i t i a l  
s l i p .  The lo a d  d iag ra m  f o r  t h e  com ple te  s e p a r a t i o n  o f  t h e  
e l e m e n t s  i s  g iv e n  in  F i g . 4-5*
No change was found  in  t h e  m a t in g  d im e n s io n s  a f t e r  s e p a r a t i o n  
b u t  t h e r e  were  a few t h i n  g ro o v es  a lo n g  th e  s u r f a c e  o f  t h e  
h o l lo w  e le m e n t .  The s o l i d  e le m e n t  had  s t i l l  a v e ry  good
m at in g  s u r f a c e .  An e x a m in a t io n  o f  t h e  h o l low  e le m e n t
i n d i c a t e d  t h a t  t h e  s u r f a c e ,  a l t h o u g h  b e a r i n g  a few s c o r e  
l i n e s ,  would a l l o w  a f u r t h e r  a ssem bly  t o  be s u c c e s s f u l l y  
made.
T e s t  I .  -  The e le m e n t s  were a g a i n  r e - a s s e m b l e d  as  a 
s h r i n k  f i t  w i th  t h e  m a t in g  s u r f a c e s  p e r f e c t l y  d ry  and f r e e  
from f i l m .
I n i t i a l  s l i p  to o k  p l a c e  when a p u l l  o f  260 l b .  was r e c o r d e d  
on th e  s p r i n g  b a l a n c e .
The back  p r e s s u r e  t e s t  was c a r r i e d  o u t  on t h e  Amsler m ach ine ,  
and a l t h o u g h  a s l i g h t  s l i p  in  t h e  pendulum was n o t i c e d  a t  
12*8 t o n s  t h e r e  was no m e a su ra b le  s l i p  be tween th e  e l e m e n t s  
w i t h i n  t h e  c a p a c i t y  o f  t h e  m ach ine .  The back p r e s s u r e  t e s t  
was co m p le ted  on th e  1 0 0 - to n  t e s t i n g  machine and a x i a l  s l i p  
to o k  p l a c e  a t  a l o a d  o f  20*8 t o n s .
The e le m e n t s  o f  t h i s  a s se m b ly ,  a f t e r  s e p a r a t i o n ,  a r e  shown in  
F i g . 4*6.  The m a t in g  s u r f a c e s  were v e r y  b a d ly  t o r n ,  l a r g e  
p i e c e s  o f  each  m a t in g  e le m e n t  b e in g  p u l l e d  o u t  o f  p o s i t i o n .
The to r q u e  t h a t  an a ssem bly  f i t  i s  c a p a b le  o f  t r a n s m i t t i n g
i s  b a s e d ,  by d e s i g n e r s ,  on an assumed c o e f f i c i e n t  o f  f r i c t i o n .
T h is  v a l u e ,  u n f o r t u n a t e l y ,  v a r i e s  o v e r  a  wide r a n g e  and may
l e a d ,  i f  a  low o r  " s a f e ” c o e f f i c i e n t  i s  assumed,  t o  e x c e s s i v e
f i t  a l l o w a n c e s  and p o s s i b l e  f a i l u r e .  E e s e a rc h e s  on f o r c e  f i t s  j
12.
by C .F .  MacGil l  gave c o e f f i c i e n t s  o f  f r i c t i o n  f o r  s t e e l  s h a f t s  , 
a n d /  j
and s t e e l  h u b s  which r an g e d  from 0*077 to  0*33. In  a  s e r i e s
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o f  t e s t s  by J .W. Baugher in  which t h e  m at ing  s u r f a c e s  o f  
s t e e l  e l e m e n t s  had d i f f e r e n t  d e g r e e s  o f  f i n i s h ,  v a l u e s  o f  
th e  f r i c t i o n  c o e f f i c i e n t  v a r i e d  from 0 .0 3  t o  0 .2 5 .  He 
a t t r i b u t e d  t h e  lower  v a l u e s  t o  " y i e l d i n g  o f  th e  s o f t  s t e e l  
a rou n d  th e  b o re  b e ca u se  o f  to o  l a r g e  f i t  a l l o w a n c e s " .
The same a u t h o r  found  t h a t  t h e  c o e f f i c i e n t s  o f  f r i c t i o n  f o r  
s h r in k a g e  f i t s  were 25 p e r  c e n t  g r e a t e r  t h a n  t h e  c o r r e s p o n d i n g  
v a l u e s  f o r  f o r c e  f i t s  made w i t h  t h e  same s h a f t  and h u b s .
The v a l u e s  g iv e n  i n  Table  14  c o n f i r m  a p r e v i o u s  f i n d i n g  
t h a t  t h e  q u a l i t y  o f  t h e  g r i p ,  and hence  th e  c o e f f i c i e n t  o f  
f r i c t i o n ,  i s  g r e a t l y  d e p end en t  on a m a t in g  s u r f a c e  f i l m  
c o n d i t i o n .  The c o e f f i c i e n t  o f  f r i c t i o n  in  T e s t  I  was 
b a sed  on t h e  l o a d  which cau se d  a s l i g h t  s l i p  i n  t h e  pendulum 
o f  t h e  t e s t i n g  m achine ,  nam ely ,  1 2 .8  t o n s .
TABLE ) 4  •
T e s t .
Assembly 
M ethod .
S u r f a c e
C o n d i t i o n
T o r s i o n a l
S l i p
s p r i n g
b a l a n c e
r e a d i n g .
A x ia l  S l i p  
t o n s .
C o e f f i c i e n t
o f
f r i c t i o n .
Tor­
s i o n a l
A x i a l .
G Force  F i t Kape o i l  f i l m 90 l b . a t  1st 
s l i p  
95 3b. a t  2nd 
s l i p .
2 .6 0 .3 0 .2 6 3
H S h r in k  F i t Rape o i l  f i l m 100 3b. a t  1 s t  
s l i p .
80 lb . a t  2nd 
s l i p .
2 .6 0 .2 9 0 .2 6 3
I S h r in k  Fib P e r f e c t l y  d ry  
and f r e e  from 
f i l m .
260 l b . a t  1 s t  
s l i p .
260 lb. a t  aid 
s l i p .
1 2 . 8 ( s l i g h t  
s l i p  o f  
pendulum)
2a .  8
0.9G6 1.29G
C0HCLUSI0HS/
( a )  The e f f e c t s  o f  an o u t - o f - s t r a i g h t n e s s  o r  b e a r i n g - b a n d  
s u r f a c e  c o n d i t i o n  s u g g e s t  t h a t  a h i g h  d eg re e  o f  a c c u ra c y
i n  t h e  g e n e r a t i o n  o f  c y l i n d r i c a l  m a t in g  s u r f a c e s  i s  more 
i m p o r t a n t  t h a n  th e  n a t u r e  o f  t h e  s u r f a c e  f i n i s h .
(b)  The lo a d  t o  p ro du ce  s l i p  i n  a f o r c e  f i t  a s sem b ly  o f  
e l e m e n t s  i s  g r e a t l y  i n f l u e n c e d  by t h e  n a t u r e  o f  t h e  l u b r i c a n t .  
R e s u l t s  g iv e  e v id e n c e  o f  an i n c r e a s e  in  th e  l o a d  o f  166 p e r  
c e n t  and s u g g e s t  t h a t  t h e  r e s i s t a n c e  to  a x i a l  s l i p  i s  n o t  
a l t o g e t h e r  a  q u e s t i o n  o f  t h e  f i t  a l l o w a n c e .
(c )  The " s k i n "  o r  f i l m ,  i f  a  f l u i d ,  which may g a t h e r  on 
t h e  m a t in g  s u r f a c e s  b e f o r e  a s se m b ly ,  may be removed w i t h o u t  
t h e  u s e  o f  s o l v e n t s ,  and th e  r e s i s t a n c e  to  s l i p  on a ssem bly  
i s  c o n t r o l l e d  by th e  n a t u r e  o f  t h e  l u b r i c a n t .
(d) The assem b ly  method may n o t  d e te r m in e  t h e  q u a l i t y  o f  
t h e  g r i p .  R e s u l t s  show t h a t  t h i s  i s  g r e a t l y  d ep en d e n t
on t h e  s u r f a c e  f i l m  c o n d i t i o n  which  may s e p a r a t e  th e  m a t in g  
s u r f a c e s  a f t e r  a s se m b ly .  Such s u r f a c e  f i l m s ,  a l t h o u g h  
more l i k e l y  t o  be p r e s e n t  u n d e r  c e r t a i n  c o n d i t i o n s  o f  
a sse m b ly  th a n  in  o t h e r s ,  may be e q u a l l y  o p e r a t i v e  under  a l l  
t h r e e .
( e )  A s u c c e s s f u l  s h r i n k a g e  a ssem b ly  may be e s t a b l i s h e d  
w i th  a f i t  a l lo w a n c e  p r o d u c i n g  s t r e s s e s  w e l l  w i t h i n  t h e  
e l a s t i c  r a n g e  o f  t h e  m a t e r i a l ,  i f  t h e  m a t in g  s u r f a c e s  a r e  
p e r f e c t l y  d r y  and f r e e  from f i l m .
( f )  There  i s  no e v id e n c e  t h a t  t h e  " t o r s i o n a l  c o e f f i c i e n t  
o f  f r i c t i o n  i s  g r e a t l y  i n  e x c e s s  o f  t h e  a x i a l  c o e f f i c i e n t  
o f  f r i c t i o n "  a s  sometimes q u o te d .
■ t  ; it. ,
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(a )  G en e ra l  S p e c i f i c a t i o n  aftd Assembly o f  Railway Wheel.
As an i l l u s t r a t i o n  o f  f o r c e  f i t  p r a c t i c e ,  t h e  a ssem b ly  o f  
wheel  c e n t r e s  on a x l e s  f o r  t h e  s t a n d a r d  1 2 - to n  m in e r a l  
wagon w i l l  be c o n s i d e r e d .  The a x l e s  a r e  made e i t h e r  o f  
a c i d  o p e n - h e a r t h  o r  b a s i c  o p e n - h e a r t h  s t e e l  w i th  an u l t i m a t e  
t e n s i l e  s t r e s s  o f  35 -  40 t o n s  p e r  s q . i n .  The wheel  s e a t ,  
a c c o r d i n g  t o  s p e c i f i c a t i o n ,  must be t u r n e d  w i th  a  smooth 
f i n i s h ,  and be e i t h e r  p a r a l l e l  o r  h a v in g  a  t a p e r  o f  n o t  
more t h a n  3 / 1 , 0 0 0  i n c h .  The b o s s  o f  t h e  wheel  c e n t r e  must  
be b o red  w i t h  a  smooth f i n i s h ,  and t h e  h o l e  and wheel  s e a t  
c o a t e d  w i t h  a  s u i t a b l e  l u b r i c a n t ,  p r e f e r a b l y  p u re  r a p e  o i l .  
The w heel  c e n t r e ,  when u n t y r e d ,  i s  f o r c e d  on to  i t s  s e a t  by 
h y d r a u l i c  power w i th  a  p r e s s u r e  o f  n o t  l e s s  t h a n  60 t o n s  
and n o t  more t h a n  80 t o n s .  For  t y r e d  wheel  c e n t r e s  i t  i s  
assumed t h a t  a  l o a d  i s  Im p a r ted  t o  th e  wheel  b o s s  by t h e  
s h r i n k a g e  o f  t h e  t y r e  on t h e  r i m  and an e x t r a  10 t o n s  i n  
each  c a s e  i s  a l l o w e d .  I t  i s  i m p o r t a n t  t o  n o t e  t h a t  i n  t h i s  
a ssem bly  t h e  R a i lw ay  C l e a r i n g  House s p e c i f y  a minimum and 
maximum a x i a l  t o n n a g e ,  b u t  make no r e f e r e n c e  w h a te v e r  t o  a  
f o r c e  f i t  a l l o w a n c e  f o r  t h e  m a t in g  e l e m e n t s .
The axle suitably supported for entering and placing the 
wheel centres in position is shown in Fig47* When the two 
wheel centres are pressed "home1* or into position, as shown 
in Fig.46, special regard must be paid to correct distance 
between the wheel flanges: and also to the setting relative 
to the journals. Gauges are supplied for checking the 
distances.
A back  p r e s s u r e  t e s t  i s  se ldom a sk e d  f o r  by home r a i l w a y s .
I t  i s ,  how ever ,  s p e c i f i e d  by some f o r e i g n  r a i l w a y s ,  i n  which  
c a s e  a d e f i n i t e  back p r e s s u r e ,  a s  a  r u l e  l e s s  t h a n  t h a t  
r e q u i r e d /
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F ig .4 7 A x le  f o r  S t a n d a r d  12- to n  M ine ra l  Wagon.
F i g . 4 8  Wheel C e n t r e s  assem bled  on Axle .
F i g . 4 9  Back P r e s s u r e  T es t  o f  Force  F i t  Assembly.
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required during pressing on, is applied. Such back 
pressure values provide evidence of the success or failure 
of the force fit assembly but they may fail as a check on 
the pressing-on tonnage. On the other hand, the specified 
pressing-on tonnage can be obtained by those who operate 
the press by methods which may result in a reduction in 
the grip between the mating elements as demonstrated by low 
back pressures. The wheel shown in Fig.4 9  was subjected 
to an instantaneous back-pressure of 67 tons, equal to the 
maximum pressing-on tonnage, and gave no signs of slip.
An automatic recorder, Fig.50> gives a continuous record of 
the load obtained during the pressing-on operation. If 
there is an appreciable amount of friction between the pen 
point and the paper the values obtained may be a little 
below or a little above those recorded on the pressure 
gauge during rising and falling pressures respectively.
This difference may amount to as much as 2 or 3 tons and 
hence a very fine adjustment of the recording pen is most 
important. The pressure records for each axle are kept 
and submitted for inspection.
The diagram to the left, shown in Fig.51, is the continuous 
record of the tonnage necessary to pres® home a wheel centre. 
The diagram to the right is a record of the tonnage during 
the pressing-off operation. A maximum value of 74 tons was 
recorded in making the assembly and a pressure of 77 tons 
was required to bring about initial slip when subjected to 
back-pressure.
(b)  Tram Car Wheel Assembly, G e n e ra l  S p e c i f i c a t i o n .
Glasgow Corporation Transport Department, which has had a 
great measure of success in operating a tramcar service, 
specify that the axles shall be made from Siemens acid steel 
with/
P i g . 5 0  Autom at ic  P r e s s u r e  R e c o rd e r .
F i g . 51 A ssembling  and D is m a n t l in g  P r e s s u r e  Diagrams.
with an ultimate tensile stress of 40 - 50 tons per sq.in.
The axles are to be finished to size by grinding. The wheels 
must be pressed on the axles by hydraulic power after the 
tyre is fitted to the centre. The pressure used must be 
35/40 tons for the wheels and gear wheels, and the tonnage 
recorded on the press must be stamped on the bosses of the 
disk centres and gear wheels.
It will be noticed that a minimum and maximum axial tonnage 
is specified. There is no reference, however, either to 
the fit allowance or to the nature of the lubricant that 
may be used in making the assembly.
The assembly method is similar to that adopted by the 
railways.
2. LARGE SCALE INVESTIGATIONS
The back pressure required to cause axial slipping of the
wheel on its seat is directly proportional to:-
(1) The radial pressure intensity induced at the
mating surfaces.
(2) The coefficient of friction between the surfaces
in contact.
(3) The area of the surfaces in contact.
The back pressure may be controlled, therefore, by:-
(a) An out-of-roundness and an out-of-straightness of
the wheel bore and wheel seat.
(b) The nature of the surfaces in contact.
(c) The quality of the wheel material as represented
by its elastic properties.
(d) The nature of the surface contact film which
separates the mating surfaces.
(e) The period of time which may elapse before
dismantling.
The extent to which each of these may affect the back pressure 
may be gathered from an examination of railway wheel and axle 
assemblies, made to contract, and also of tramcar wheel and 
axle assemblies specially prepared for research work.
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) E f f e c t  o f  Machine Work on G r i p .
Fig. 5 2 .  gives the principal dimensions of the assembly 
elements, the disk wheel centre and axle of the standard 
12-ton mineral wagon. The dimensions of importance in 
connexion with the force fit are: length of wheel centre
boss, 7 inches; inside and outside diameters of boss,
5-| inches and 9^ inches respectively. The wheel seat, it 
will be noticed, is machined over a length of 8-| inches.
It may be mentioned in passing that, according to specifica­
tion, the journals of the axle must be truly circular and 
parallel, and afterwards burnished with a revolving tool or 
by some other approved method.
( I ) O u t -o f -B o u nd n ess  and O u t - o f - S t r a i g h t n e s s  o f  Mating 
gurfaces. A mild steel wheel centre, Fig.53 was one of many 
which had failed to satisfy a back pressure test and was 
removed from its seat. The dimensions of the wheel bore and 
wheel seat were then measured at right-angles, to the nearest 
half-thousandth of an inch, by inside and outside micrometers 
on planes -|-inch apart. This was done in order to determine 
the degree of roundness and straightness of the wheel bore 
and wheel seat, and to obtain the residual force-fit allowance 
between the mating elements. An examination of the 
dimensions given in the first two lines of the tabulated 
readings indicates that the wheel seat was not truly circular 
at the planes considered. There is a maximum out-of-roundneas 
of 3*5 thousandths of an inch at planes 9 and 13. The 
dimensions given in the two lines below indicate an out-of- 
roundness condition also in the wheel bore, reaching a 
maximum of 2*5 thousandths of an inch at planes 1 and 14.
This results in a variation in the interface radial pressure 
intensity on assembly. The presslng-on load will thus be 
influenced by the chance setting of the wheel centre in 
assembly/
F i g .52. Disk Wheel C e n t r e  and Axle f o r  S t a n d a r d  
12- to n  M in e ra l  Wagon..
F i g . 53 Mild S t e e l  Wheel C e n t r e  Assembly which f a i l e d  
t o  s a t i s f y  Back P r e s s u r e  T e s t .
•515O‘S/40
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assembly. The larger diameters of the mating elements may 
coincide, they may be at right-angles, or at any intermediate 
setting. This may partly or wholly account for the 
appreciable variation in tonnage often recorded when elements
9
of the "same" force-fit allowance are assembled. H. M. Sawin 
found that the load was greatest when the larger diameters 
were at right-angles.
The out-of-strai$itness of the wheel seat and the wheel bore 
are shown graphically by plotting from a horizontal base 
line the average value of the readings taken at right-angles 
on planes J-inch apart. The upper curve shows that the 
wheel seat has a pronounced hollow between planes 8 and 13, 
resulting in an out-of-straightness extending over a length 
of 2 i inches. The wheel bore, as regards straightness, 
would appear to have been well machined. There &s certainly 
an out-of-straightness beginning at plane 9, but it rather 
indicates that the boss had received a permanent set.
Assuming, therefore, the wheel bore to have been straight 
before assembly, and neglecting any possible loss of surface 
contact by overstraining the leading part of the boss, actual 
contact between the mating surfaces will have been less than 
the possible by about 36 per cent. The out-of-straightness 
of mating surfaces may be characterized by a series of hollow 
parts separated by ridges or bearing bands of varying width. 
The axle journal shown in Fig. 5-+ illustrates such a surface 
condition. This journal, after being turned and burnished, 
was lightly lapped.
(II) Mature of Surface Finish. The surface generated 
during the boring of the hollow element or the turning of the 
solid element is always a helical groove. The depth of the 
groove depends on the condition of the cutting edge and the 
feed of the tool. There are differences of opinion 
regarding/
12.0
F i g .  5 4 - Axle J o u r n a l  w i th  O u t - o f - S t r a i g h t n e s s  S u r f a c e .
r e g a r d i n g  t h e  e f f e c t  o f  t h e  f i n i s h  o f  th e  m a t in g  s u r f a c e s .  
I d e a l  c o n d i t i o n s  would a p p e a r  to  be a f f o r d e d  by smooth 
s u r f a c e s ,  which would make p o s s i b l e  t h e  g r e a t e s t  amount o f  
b e a r i n g  c o n t a c t  be tween t h e  m a t in g  e l e m e n t s .  S u r f a c e s  t h a t  
a r e  n o t  to o  smooth, h ow ever ,  a r e  recommended by some a s  
p r o v i d i n g  t h e  b e s t  p r o t e c t i o n  a g a i n s t  a x i a l  s l i p .  O th e rs  
s u g g e s t  t h a t  t h e  t o p s  o f  t h e  l i t t l e  r i d g e s  o f  such s u r f a c e s  
w i l l  be c ru s h e d  d u r i n g  s h r i n k a g e ,  o r  s h e a r e d  o f f  i n  a f o r c e  
f i t  o p e r a t i o n ,  and t h a t  t h e  back p r e s s u r e  would be l e s s  
t h a n  f o r  e l e m e n t s  w i th  smooth s u r f a c e s .  There  i s  e v id e n c e  
t o  show t h a t  t h e  d e g re e  o f  smoothnBss o f  t h e  s u r f a c e s  
r e s u l t i n g  from d i f f e r e n t  m ac h in ing  o p e r a t i o n s  h a s  p r a c t i c a l l y  
no e f f e c t  on t h e  c o e f f i c i e n t  o f  f r i c t i o n  and t h e  f o r c e  
n e c e s s a r y  t o  b r i n g  a bou t  s l i p .
Good modern m ach ine -sho p  p r a c t i c e  g i v e s  a d e g re e  o f  f i n i s h  
t o  m a t in g  s u r f a c e s  which i s  more o r  l e s s  f r e e  f rom t o o l  
r i d g e s .  Many such s u r f a c e s ,  how ever ,  h ave  a p ronounced  
o u t - o f - s t r a i g h t n e s s .  I t  i s  s u g g e s t e d ,  t h e r e f o r e ,  t h a t  f o r  
e l a s t i c  g r i p  a s s e m b l i e s  g r e a t e r  a t t e n t i o n  sh o u ld  be d i r e c t e d  
t o  t h e  n e ed  o f  a h i g h e r  d e g re e  o f  a c c u r a c y  i n  t h e  g e n e r a t i o n  
o f  t h e  c y l i n d r i c a l  m a t in g  s u r f a c e s ,  a  c o n d i t i o n  more 
d i f f i c u l t  t o  a t t a i n  t h a n  a  h i g h  s u r f a c e  f i n i s h .  T h is  would 
be f a c i l i t a t e d  by c a r r y i n g  o u t  t h e  f i n a l  m e ta l  rem ova l  
o p e r a t i o n  by g r i n d i n g .
(b)  E f f e c t  o f  Wheel M a t e r i a l  on G r i n .
14*
As h a s  been  m e n t io n e d ,  t h e  Ra i lw ay  C l e a r i n g  House s p e c i f y  a 
to n nag e  i n s t e a d  o f  a f i t  a l lo w a n c e  i n  p r e s s i n g  w h e e l s  on 
t h e i r  s e a t s .  T h is  to n nage  i s  o b t a i n e d  i n  p r a c t i c e  by a 
method o f  t r i a l  and e r r o r .  Wheels  a r e  b o r e d  w i th  a g iv e n  
f i t  a l l o w a n c e ,  b a sed  on e x p e r i e n c e  o f  s i m i l a r  work ,  and t h e  
f i t  which g i v e s  t h e  s p e c i f i e d  to nn ag e  d e t e r m i n e s  t h e  
d im e n s io n s  f o r  t h e  m a t ing  a s se m b ly .  The s p e c i f i c a t i o n  and 
t h e /
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the method of conforming to it are both open to serious 
objection. If no consideration is given to the physical 
properties of the material the fit allowance may result in 
an overstressed boss and a diminished grip between the 
mating elements. Test pieces taken from the web of wheel 
centres must, according to the specification, show a 
tensile breaking strength of not less than 28 tons per 
sq.in. Ho reference is made to the elastic limit or yield 
point of the material. Yet the stress-strain proportional 
limit is the factor which should determine the fit allowance 
and the suitability of the material for an elastic grip 
assembly.
( I ) T e n s i l e  T e s t s  o f  Specimens from B osses  o f  Wheel 
C e n t r e s : In order to get some Idea of the quality of the
material surrounding the bore, four tensile test pieces 
were machined from each of the bosses of wheel centres made 
from eight different casts. Test pieces 1 and 3, Pig. 5 5  
were taken circumferentially from the wheel boss and at 
right-angles to one another. Test pieces 2 and 4 were 
taken from the boss parallel to the wheel bore and at right- 
angles to one another. The average values obtained from 
the four tests of each cast show a great variation in the 
quality of the steel. Values as low as 24*38 tons per 
sq.in. were obtained, and in three casts only did the 





TABLE 15 -  T e s t  P i e c e s  f rom Bosses  o f  Wheel C e n t r e s .  
( T e n s i l e  B re a k in g  S t r e n g t h  i n  t o n s  p e r  s q . i n . )
C a s tNumber
T e s t  P i e c e
1 2 3 4 Average
1 2 9 .6 28 .5 2 28.67 2 9 .0 28 .95
2 25 .7 2 25.60 26 .5 26 .0 25.71
3 2 5 .86 26 .26 26 .16 2 6 .0 2 26.08
4 27 .68 26 .9 3 2 7 .5 2 27.20 27 .33
5 28 .27 28 .80 29 .0 28.77 28.71
6 24 .55 24 .29 24 .75 2 3 .9 1 24.38
7 29 .33 28.31 29 .39 29.18 29.05
8 27 .10 24 .47 27 .00 26.61 26.30
Average 27 .26 26.65 27 .25 2 7 .09
( P e r c e n t a g e  E l o n g a t i o n  on 2 i n c h e s )
C a s tK iirnhpr_
T e s t  P i e c e
1 2 3 4 Average
1 3 4 .0 20 .00 29.25 2 1 .0  ' 26 .06
2 4 0 .0 3 2 .00 41 .00 2 8 .5 3 5 .40
3 32 .0 30 .50 39 .50 3 4 .2 5 34 .0 6
4 3 4 .5 15 .00 2 7 .0 2 2 .25 24 .69
5 1 7 .0 22.50 3 1 .5 2 1 .8 0 23.20
6 30 .0 1 8 .0 3 8 .0 2 1 .5 0 26 .9
7 2 9 .5 15 .75 3 5 .0 24. 25 26 .12
8 3 3 .5 1 0 .0 0 2 9 .0 1 6 .5 0 22 .25
The t y p i c a l  l o a d - e x t e n s i o n  d iag ra m s  i n  F i g . 5 5  i n d i c a t e  t h a t  
t h e  y i e l d  p o i n t  o f  t h e  m a t e r i a l  was n o t  c l e a r l y  d e f i n e d .
The s i m i l a r i t y  i n  n a t u r e  and shape o f  t h e  c u rv e s  f o r  t e s t  
p i e c e s  3 and 4 t a k e n  from c a s t s  Hos. 5 and 4 r e s p e c t i v e l y  
s h o u ld  he n o t e d .  I t  p r o v i d e s  e v id e n c e  t h a t  t h e  m a t e r i a l  a t  
c e r t a i n  p o i n t s  o f  t h e  b o s s  h a s  been  i n f l u e n c e d  by t h e  
m e c h a n ic a l  p r o c e s s e s  i n  m a n u f a c tu r e .  I t  i s  a p p a r e n t  t h a t  
t h e  m a t e r i a l  had  a low e l a s t i c  l i m i t  and y i e l d  p o i n t .
T e s t  r e a d i n g s  gave e l a s t i c  l i m i t  v a l u e s  o f  6 . 4  t o  9 t o n s  p e r  
s q . i n .  and y i e l d  p o i n t  v a l u e s  o f  11 t o  1 6 .0 4  t o n s  p e r  s q . i n .
( I I ) /
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F i g .55 Lo ad - Ex tens ion  Diagrams f o r  Specimens from 
Bosses  o f  whee l  C e n i r e s .
I AND 3 2, AND4
T O N S
4 0




L o a d - E x t e n s i o n  D i a g r a m s
S p e c i m e n s  f r o m  B o s s  o f  W h e e l  C e n t r e
F i g .  56 Load -E x ten s io n  Diagrams f o r  Specimens f rom weo 
and jdoss o f  w h e e l  C e n t r e .
S p e c i m e n s  f b o m  W e b  a n d  B o s s  o f ____
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( H ) T e n s i l e T e s t s _ o f  Specimens f rom Web *md Boss o f  
Whsg.l Q^ntre^ The author suggests that in specifying that 
the test piece is to be taken from the web of the wheel centre 
a part has been selected which will give higher elastic limit 
and yield point values than those obtained from the wheel boss. 
Doubt may be expressed as to which of these two parts is more 
severely stressed under running conditions. There can be 
none, however, regarding the part which is weakest due to 
manufacturing processes. In order to get some idea of the 
extent by which the elastic limit and yield point of the web 
material had been raised by rolling, tensile tests were 
carried out on test pieces taken from the web ahd boss of a 
wheel centre. This centre was not from any of the casts 
previously considered.
The positions from which the test pieces were taken, together 
with the load-extension diagrams of the material are shown 
in Fig.S6. Values of the tensile breaking strength, elastic 
limit, and yield point are given in Table 16. It is evident 
that a force fit allowance based on the results obtained 
from test pieces taken from the web will lead to an excessive 
over-strain of the wheel boss and a consequent diminished 
grip between the elements on assembly.
TEST RESULTS.










1 Web 31.6 9.2
Wot clearly defined 
16.8
2 Web 30.9 11.8 16.8
3 Boss 29.6 6.0
Sot clearly defined 
12.8
4 Boss 29.5 7.2 12.8
The/
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The Glasgow Corporation Transport Department specify that 
the test piece be taken from the rim of the wheel centre.
It is suggested that test pieces taken from the rim will give 
higher elastic limit and yield point values than those 
obtained from specimens taken from the wheel boss.
(c) Effect of Fit Allowance on Grip.
(I) Bailway Wheel Assembly. This particular assembly 
was made with a force-fit allowance of from 10/1,000 to 
12/1,000 inch, and to give some idea of the magnitude of 
the stresses induced in the boss by different fit allowances, 
Table has been compiled. Substituting for B and r in 
equation (1), the interface radial pressure intensity is 
given by
pr s 4322-"-
and the hoop stress at the bore layer by 
fp is 2.Q9pr
Elastic failure condition under the combined stress due to 
Pp and fr is given by
2.09 pp * (Maximum principal Stress theory)
2.39 pp S (Maximum principal strain theory)
3.09 pr e h (Maximum shear stress theory)
2.57 pp £ h (Maximum strain energy theory)












































































































It will be observed that with a force-fit allowance of 1.75 
thousandths of an inch per inch diameter, which gives 
approximately the minimum difference in the free diameters 
of the mating elements in this assembly, the elastic limit 
of the material has been greatly exceeded. On a strain
IS
energy basis, which has been found by Cook and Bobertson 
to meet failure conditions most closely for ductile materials, 
the elastic limit would require to be not less than 19.44 
tons per sq.in. This is a figure associated with a steel 
of high quality and is, indeed, even much in excess of the 
yield point of the material, which had an average value of 
13.27 tons per sq.in. There can be no doubt that the 
assembly has been made under plastic flow conditions which 
may penetrate well into the wall thickness of the wheel boss 
and lead to a condition of permanent set. If so it would be 
reasonable to expect a low back-pressure tonnage and evidence 
of an overstressed boss on dismantling. A number of the 
wheels were put under test and many low back-pressures were 
recorded. After the wheels had been removed from their seats 
an examination of the surfaces of many mating elements revealed 
conditions such as those illustrated in Fig.57.
Careful measurements, made as already described, gave an 
average difference in the free diameters of the mating elements, 
or residual force-fit allowance, of about 5/1,000 inch. This 
is approximately one-half the assembly fit allowance of from 
10/1,000 to 12/1,000 inch. A similarity of the surface form 
of the hollow element to that of the solid element gave, in many 
cases/further evidence of an over-stressed boss condition.
The overstrain of this element in some cases resulted in the 
bore diameter at the leading face of the boss being bigger than 
the wheel seat by 1/1,000 to 2/1,000 inch. A pronounced out- 
of-roundness and out-of-stralghtness of the solid elements were 
also observed.
( I X ) /
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( I I )  Tramcar Wheel Assembly.  An o v e r s t r e s s e d  c o n d i t i o n  
o f  t h e  wheel  b o ss  would a p p e a r  t o  be a f e a t u r e  o f  a l l  w hee l  
a s s e m b l i e s  u s e d  in  r a i l  t r a n s p o r t  e q u ipm en t .  F u r t h e r  
e v id e n c e  o f  t h i s  i s  p r o v i d e d  by a c o n s i d e r a t i o n  o f  t h e  f i t  
a l l o w a n c e s  which may be a d o p te d  i n  making th e  d i s k  t y r e d  
wheel  and a x l e  a ssem bly  a s  f i t t e d  t o  t h e  Glasgow C o r p o r a t i o n  
t r a m c a r .
In  t h i s  a ssem b ly  th e  o u t s i d e  and i n s i d e  d i a m e t e r s  o f  th e  
wheel  b o s s  a r e  8 i n c h e s  and 4-§- i n c h e s  r e s p e c t i v e l y .  
S u b s t i t u t i n g  f o r  B and r  i n  e q u a t i o n  ( 1 ) ,  t h e  i n t e r f a c e  
r a d i a l  p r e s s u r e  i n t e n s i t y  i s  g iv e n  by
SPj» s  4588 ^
and t h e  hoop s t r e s s  a t  t h e  bo re  l a y e r  by 
f r  s  1 .9 3  pr
E l a s t i c  f a i l u r e  c o n d i t i o n  u n d e r  t h e  combined s t r e s s :  due to
p r  and f r  i s  g iv e n by
1 .9 3  pr  s f L (Maximum p r i n c i p a l  S t r e s s  t h e o r y )
2 .2 3  p„  s r f L (Maximum p r i n c i p a l  S t r a i n  t h e o r y )
2 .9 3  p_ * r f L (Maximum Shea r  S t r e s s  t h e o r y )
2 .4 2 5  p r  s f L (Maximum S t r a i n  Energy t h e o r y )
TABLE I S  -  S t r e s s e s  Ind u ced  by V a r io u s  F i t  A l lo w an ces .
Force F i t  
Allowance.
f i a d l a l
P r e s ­
s u r e .
Hoopr
S t r e s s .
P r i n c i ­
p a l
S t r e s s
Theory .
P r i n c i ­
p a l
S t r a i n
T heory .
Shea r
S t r e s s
Theory.











t h o u s ­
a n d th s  
o f  an 
i n c h .
P*
t o n s r p e r  
s q . i n .
* rt o n s  p e r  
s q . i n .
t o n s r p e r  
s q . i n .
t o n s r p e r  
s q . i n .
t o n s ' p e r  
s q .  I n .
t o n s r p e r  














1 0 .1 3
3 .4 4 2
4 .58 8
5 .7 3 6
6 .8 8 4
6 .0 3
9 .1 7 6






























1 1 .1 3
1 3 .9 1





T h is  p a r t i c u l a r  a s se m b ly ,  u s i n g  n e a t s f o o t  o i l  a s  a l u b r i c a n t ,
r e q u i r e d  a f o r c e  f i t  a l lo w a n c e  o f  9 /1 ,0 0 0  i n c h  t o  o b t a i n  t h e
d e s i r e d  tonnage  o f  45 t o  50 t o n s .  I t  w i l l  be o b s e r v e d
from  Table  IS t h a t  a  f o r c e  f i t  a l lo w a n c e  o f  2 t h o u s a n d t h s
o f  an i n c h  p e r  i n c h  d i a m e t e r  would r e s u l t  i n  t h e  e l a s t i c
l i m i t  o f  t h e  m a t e r i a l  b e in g  g r e a t l y  e x ce ed e d .  On a s t r a i n
e n e rg y  b a s i s  t h e  e l a s t i c  l i m i t  o f  t h e  m a t e r i a l  would r e q u i r e
t o  be n o t  l e s s  t h a n  22.25  t o n s  p e r  s q . i n .  T h is  v a lu e  i s
even much i n  e x c e s s  o f  t h e  y i e l d  p o i n t  o f  t h e  wheel  m a t e r i a l
which  c o u ld  be r e g a r d e d  a s  b e in g  i n  t h e  r e g i o n  o f  14 t o  17
t o n s  p e r  s q . i n .  The r e p a i r  a ssem bly  ton nage  a t  G o p la w h i l l  
Works i s  10 t o n s  g r e a t e r  t h a n  s p e c i f i e d  t o n n a g e .
(d)  E f f e c t  o f  L u b r i c a n t  on G r i p .
The u s e  o f  a  l u b r i c a n t  i s  an e s s e n t i a l  r e q u i r e m e n t  t o  a 
s u c c e s s f u l  m a t in g  o f  t h e  e l e m e n t s  i n  a f o r c e  f i t  a s se m b ly .
I t  i s  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t ,  i n  s p i t e  o f  t h e  im p o r ta n c e  
o f  such a s s e m b l i e s  i n  e n g i n e e r i n g  p r a c t i c e ,  l i t t l e  o r  no 
a t t e n t i o n  h a s  been  g iv e n  to  t h e  i n f l u e n c e  o f  t h i s  f a c t o r  on 
t h e  a x i a l  r e s i s t a n c e  o f  t h e  e le m e n t s  t o  s l i p ,  o r  t o  t h e  
q u a l i t y  o f  t h e  g r i p  e s t a b l i s h e d .  Any r e f e r e n c e  to  t h e  u s e  
o f  a  “ s u i t a b l e  l u b r i c a n t 1*, i n  a  r a i l w a y  s p e c i f i c a t i o n ,  i s  
o f  l i t t l e  v a l u e  w i t h o u t  a knowledge o f  what c o n s t i t u t e s  a 
s u i t a b l e  l u b r i c a n t ,  e i t h e r  i n  t e rm s  o f  th e  f i l m  r e s i s t a n c e  
d u r i n g  a ssem bly  f o r  a  g iv e n  f i t  a l l o w a n c e ,  o r  i n  te rm s  o f  i t s  
i n f l u e n c e ,  i f  any ,  on t h e  r e s i s t a n c e  o f  t h e  e l e m e n t s  t o  s l i p  
when o p e r a t i n g  u n d e r  r u n n i n g  c o n d i t i o n s  a f t e r  a p e r i o d  o f  
y e a r s .  Glasgow C o r p o r a t i o n  T r a n s p o r t  Depar tm ent  make no 
r e f e r e n c e  t o  t h e  u se  o f  a  l u b r i c a n t  i n  t h e i r  s p e c i f i c a t i o n  
f o r  w heel  and a x l e  a s s e m b l i e s .
The r a n g e  i n v e s t i g a t e d  and t h e  m agn i tude  o f  t h e  f i l m  
r e s i s t a n c e s  e x p e r i e n c e d  i n  making t h e  f o r c e  f i t  a s se m b ly  o f  
s m a l l  e l e m e n t s  s u g g e s t e d  th e  im p o r ta n c e  o f  c a r r y i n g  o u t  
f u r t h e r  t e s t s  t o  i n v e s t i g a t e  w h e th e r  t h e  c o n t a c t  f i l m  
r e s i s t a n c e /
131
r e s i s t a n c e  c o u ld  be r e g a r d e d  a s  an i m p o r t a n t  f a c t o r  on t h e  
to n n a g e  n e c e s s a r y  t o  make an a ssem bly  o f  l a r g e  s i z e  e l e m e n t s .  
The Author  would acknowledge h i s  g r e a t  i n d e b t e d n e s s  t o  th e  
G e n e ra l  Manager o f  t h e  Glasgow C o r p o r a t i o n  T r a n s p o r t  D e p a r t ­
ment f o r  g r a n t i n g  f a c i l i t i e s  t o  c a r r y  o u t  such a s e r i e s  o f  
t e s t s  a t  t h e  C o r p o r a t i o n ' s  C o p l a w h l l l  Works.  The e le m e n t s  
s e l e c t e d  f o r  a ssem b ly  c o n s i s t e d  o f  t h e  2*-Z*  d i a m e t e r  d i s k  
t y r e d  wheel  and a x l e  a s  f i t t e d  t o  t h e  C o r p o r a t i o n  t r a m c a r s .
P i g u r e 5 S g i v e s  t h e  p r i n c i p a l  d im e n s io n s  o f  th e  ho l low  
e l e m e n t .  N e g l e c t i n g  th e  p o s s i b l e  s t i f f e n i n g  e f f e c t  o f  t h e  
web, which  may be r e g a r d e d  a s  s m a l l ,  t h e  d im e n s io n s  o f  
im p o r ta n c e  i n  c o n n e c t i o n  w i th  th e  f o r c e  f i t  a ssem bly  a r e :  
l e n g t h  o f  wheel  c e n t r e  b o s s ,  4-| i n c h e s ;  i n s i d e  and o u t s i d e  
d i a m e t e r s  o f  b o s s ,  4^ i n c h e s  and 8 i n c h e s  r e s p e c t i v e l y .
T h is  i n s i d e  d i a m e t e r  was a d o p te d  so t h a t  w h ee ls  u s e d  i n  
c a r r y i n g  o u t  t e s t s  co u ld  s u b s e q u e n t l y  be r e b o r e d  t o  a 
d i a m e t e r  o f  4 |  i n c h e s  f o r  a c t u a l  a s sem b ly  p u r p o s e s .
I t  was d e c i d e d  t o  a ssem ble  and d i s m a n t l e  t h e  e le m e n t s  
u s i n g  a  wide ra n g e  o f  l u b r i c a n t s  which would i n c l u d e  t h o s e  
commonly u s e d  i n  r a i l r o a d  a ssem bly  p r a c t i c e  and t u r b i n e  work.
( I )  C o n d i t i o n s  Observed in  T e s t s . A s u c c e s s f u l  
i n v e s t i g a t i o n  o f  t h e  f i l m  r e s i s t a n c e  i n  a  s e r i e s  o f  f o r c e  f i t  
a s s e m b l i e s  i s  d e p e n d e n t  on two main c o n d i t i o n s :
( a )  a c o n s t a n t  d i f f e r e n c e  i n  t h e  f r e e  d i a m e t e r s  o f
m a t in g  e l e m e n t s .
(b )  s i m i l a r  s u r f a c e  c o n d i t i o n s  g i v i n g  e q u a l  b e a r i n g
c o n t a c t .
An a t t e m p t  t o  meet t h e s e  c o n d i t i o n s  was made by u s i n g  t h e  
same two assem bly  e le m e n t s  t h r o u g h o u t  t h e  com ple te  s e r i e s  o f  
t e s t s .  T h is  i n  t u r n  n e c e s s i t a t e d  t h e  f o l l o w i n g  r e q u i r e m e n t s :
(1)  a h i g h  deg re e  o f  a c c u r a c y  in  m ach in in g  t h e  m a t in g
s u r f a c e s  r e s u l t i n g  i n  a  good s u r f a c e  f i n i s h  and 
a n e a r  a p p ro ach  t o  p e r f e c t  r o u n d n e s s  and 
s t r a i g h t n e s s  o f  t h e  w heel  b o re  and w heel  s e a t .
( 2 )
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(2)  a  r e l a t i v e l y  sm a l l  d i f f e r e n c e  in  t h e  f r e e  d i a m e t e r s
o f  t h e  m a t in g  e l e m e n t s .
(3)  t h e  making o f  e ach  assem bly  w i t h  t h e  same s e t t i n g
o f  t h e  wheel  b o s s  r e l a t i v e  to  t h e  wheel  s e a t  
p o s i t i o n .
The d im e n s io n s  o f  t h e  w heel  b o re  and w heel  s e a t  were
m easured  a t  r i g h t  a n g l e s  on p l a n e s  A, B, C, D, and E, a s
i n d i c a t e d  i n  P i g .S S ,  i  i n c h  i n  from each  f a c e  and 1 in ch  
a p a r t .  T h is  was done to  d e te r m in e  th e  d e g re e  o f  r o u n d n e s s  
and s t r a i g h t n e s s  o f  t h e  wheel  b o re  and wheel  s e a t  and to  
o b t a i n  t h e  mean d i f f e r e n c e  in  th e  f r e e  d i a m e t e r s  o f  th e  
m a t in g  e l e m e n t s .  These m easurements  were made b e f o r e  and
a f t e r  e ach  ueso t o  check any p o s s i b l e  change i n  th e
d im e n s io n s  o f  t h e  m a t in g  e l e m e n t s .
( I I )  P r e s s i n g  O p e r a t io n  and P r o c e d u r e : The wheel  
c e n t r e  was f o r c e d  on to  i t s  s e a t  by h y d r a u l i c  power and t h e  
p r e s s  was r e g u l a t e d  t o  o p e r a t e  a t  t h e  same r a t e  d u r i n g  e ach  
a s se m b ly .  The m a t in g  s u r f a c e s  were c a r e f u l l y  c l e a n e d  w i th  
t h e  u s e  o f  s o l v e n t s  b e f o r e  e ach  a sse m b ly  o f  th e  e l e m e n t s .
The s u r f a c e s ,  a f t e r  d r y i n g ,  were im m e d ia te ly  c o a t e d  w i t h  a 
f i l m  o f  o i l  which was a l lo w e d  t o  d r a i n  o f f  p a r t i a l l y  b e f o r e  
t h e  e l e m e n t s  were a s s e m b le d .  T h is  was u n n e c e s s a r y  i n  some 
c a s e s  due t o  t h e  v i s c o u s  n a t u r e  o f  t h e  l u b r i c a n t  u s e d .
G r e a t  c a r e  was t a k e n  t o  e s t a b l i s h  good e n t r y  c o n d i t i o n s  and 
t o  h a v e ,  i n  each c a s e ,  t h e  same s e t t i n g  o f  t h e  wheel  c e n t r e ,  
r e l a t i v e  t o  th e  wheel  s e a t .  The p r e s s i n g - o n  and b a ck ­
p r e s s u r e  l o a d s  were r e a d  o f f  a p r e s s u r e  gauge a t  wheel  
d i s p l a c e m e n t s  o f  0 . 5  i n c h .
( I I I )  T e s t s  t o  I n v e s t i g a t e  E f f e c t  o f  L u b r i c a n t .
H ine  t e s t s  were c a r r i e d  o u t  w i t h  t h e  same w heel  and a x l e  
w i th  a  d i f f e r e n c e  i n  t h e  f r e e  d i a m e t e r s  o f  th e  m a t in g  
s u r f a c e s /
s u r f a c e s  o f  1 .1  t h o u s a n d th  o f  an i n c h .
T e s t  1 .  N e a t s f o o t  o i l
T e s t  2. Bayonne o i l
T e s t  3 .  Pure  t a l l o w
T e s t  4.  Tal low and 10% w h i t e  l e a d .
T e s t  5 .  Bape o i l
T e s t  6 .  Bape o i l  p l u s  2% o i l  dag.
T e s t  7 .  G r a p h i t e d  s p i n d l e  o i l  p l u s  1% o i l d a g .
T e s t  8 .  P e t r o le u m  j e l l y  p l u s  1% o i l d a g
T e s t  9. M e r c u r i a l  o i n tm e n t .
The f a c t  t h a t  t h e  p r im a r y  c o n d i t i o n s  rem a in ed  unchanged  
t h r o u g h o u t  t h e  t e s t s  c o m p le t e ly  j u s t i f i e d  t h e  method 
a d o p te d  o f  m ea su r in g  t h e  c o n t a c t  f i l m  r e s i s t a n c e  o f  d i f f e r e n t  
l u b r i c a n t s  by t h e  r e p e a t e d  a ssem bly  o f  t h e  same two m at ing  
e l e m e n t s .  The d im e n s io n s  o f  t h e  m a t in g  s u r f a c e s ,  m easured  
b e f o r e  and a f t e r  e ach  a s sem b ly  a t  r i g h t  a n g l e s  on f i v e  
d i f f e r e n t  p l a n e s ,  showed no s i g n s  o f  change .  The m a t in g  
s u r f a c e s ,  a f t e r  each  a s se m b ly ,  were c a r e f u l l y  examined and 
gave  no e v id e n c e  o f  an improved b e a r i n g  c o n t a c t  o r  even 
s i g n s  o f  t h e  s l i g h t e s t  h a i r l i n e  m ark ing .  The c o n s t a n t  
m a t in g  c o n d i t i o n s ,  which were t h u s  e s t a b l i s h e d ,  p r o v i d e  
e v id e n c e  o f  a  h ig h  s t a n d a r d  o f  machine work and o f  a s u c c e s s ­
f u l  f i t  a l lo w a n c e  which gave a s u i t a b l e  d e g re e  o f  p o l i s h  t o  
t h e  m a t in g  s u r f a c e s .
(IV) TEST BESUITS. P r e s s i n g - o n  l o a d  d iag ra m s  on a b a se  
o f  b o re  l e n g t h  a r e  g iv e n  i n  P i g . 5 9 .  They a r e  o f  a  form and 
ty p e  s i m i l a r  t o  t h o s e  o b t a i n e d  from l a b o r a t o r y  e x p e r im e n t s  
on sm a l l  s i z e  e le m e n t s  and i n d i c a t e ,  c l e a r l y ,  t h e  r e m a r k a b le  
i n f l u e n c e  o f  t h e  s u r f a c e  c o n t a c t  f i l m  on t h e  ton n ag e  n e c e s s a r y  
t o  make a  r a i l  wheel  f o r c e  f i t  a s se m b ly .  The v a l u e s  r an g e  
f rom 6 .0  t o n s  w i th  t a l l o w  and 10# w h i t e  l e a d  a s  a  l u b r i c a n t  
t o  25 t o n s  w i t h  Bayonne e n g in e  o i l  a s  a  l u b r i c a n t .  T h is  
r e p r e s e n t s  an i n c r e a s e  o f  a p p r o x i m a t e ly  300 p e r  c e n t ,  i n  t h e  
p r e s s i n g - o n  tonnage  due t o  a d i f f e r e n c e  i n  t h e  n a t u r e  o f  t h e  
f i l m  which  s e p a r a t e s  t h e  s u r f a c e s  d u r i n g  a s sem b ly .
The/
suo/—
pro 7 i/o /tu/ssopp
. 5 9  P r e s s i n g - o n  Load Diagrams f o r  T e s t s  on E f fe c  
o f  S u r fa c e  C o n ta c t  Fi lm.
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i g - 6 0  Back P r e s s u r e  Load Diagrams f o r  T e s t s  on E f f e c t  
o f  S u r fa c e  C o n ta c t  F i lm.
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The b a c k - p r e s s u r e  l o a d s  on a base  o f  b o re  l e n g t h  a r e  shown 
in  P i g . 60* I t  w i l l  be seen  t h a t ,  i n  g e n e r a l ,  t h e  c h a r a c t e r ­
i s t i c  i n f l u e n c e  o f  th e  f i l m  on th e  a x i a l  r e s i s t a n c e  o f  th e  
e l e m e n t s  t o  s l i p  d u r i n g  a ssem bly  i s  e q u a l l y  o p e r a t i v e  
t h r o u g h o u t  th e  d i s m a n t l i n g  p r o c e s s .  P e r i o d i c  s l i p p i n g  
accompanied by a bumping n o i s e  c h a r a c t e r i z e d  t h e  m a t ing  
o f  t h e  e le m e n ts  when a l u b r i c a n t  n o t  h a v in g  an o i l i n e s s  
p r o p e r t y  was u s e d .  When mated w i th  a l u b r i c a n t  o f  
p ro nounced  o i l i n e s s  a g r a d u a l  s l i p p i n g  o f  t h e  e l e m e n t s  
w i t h o u t  n o i s e  marked t h e  a ssem b ly .
I t  f o l l o w s  t h a t ,  f o r  a g iv e n  s p e c i f i e d  a x i a l  to n n a g e ,  
an a ssem bly  in  which a  l u b r i c a n t  o f  p ronounced  o i l i n e s s  i s  
u s e d  w i l l  r e q u i r e  t h e  e le m e n ts  t o  be mated w i th  a g r e a t e r  
r a d i a l  p r e s s u r e  i n t e n s i t y  t h a n  when assem bled  w i th  a 
l u b r i c a n t  which h a s  n o t  an o i l i n e s s  c h a r a c t e r i s t i c .  I t  i s  
i m p o r t a n t  t o  n o t e  t h a t  in  r a i l r o a d  p r a c t i c e  a f o r c e  f i t  
a s sem b ly  i s  i n v a r i a b l y  made w i t h  a l u b r i c a n t  h a v in g  a 
p ro n ou n ced  o i l i n e s s .
I t  i s  n o t  s u r p r i s i n g  t o  f i n d ,  t h e r e f o r e ,  t h a t  i n  a l l  such 
c a s e s  a  l a r g e  f o r c e  f i t  a l lo w a n ce  i s  n e c e s s a r y  t o  o b t a i n  
t h e  s p e c i f i e d  p r e s s i n g - o n  to n n a g e .  Under such c o n d i t i o n s  
o f  a ssem bly  some q u a l i t i e s  o f  s t e e l  may become o v e r s t r a i n e d .  
A p l a s t i c  o r  r a t h e r  s e m i - p l a s t i c  r a n g e  may p e n e t r a t e  w e l l  
i n t o  t h e  w a l l  t h i c k n e s s  o f  t h e  h o l lo w  e l e m e n t ,  and t h u s  
im p a i r  t h e  q u a l i t y  o f  t h e  g r i p .
(6)  E f f e c t  o f  Time on G r i p .
S in c e  t h e  s u r f a c e  c o n t a c t  f i l m  had  been  found t o  be a f a c t o r  
which c o n t r o l l e d ,  i n  a g r e a t  m easu re ,  t h e  a x i a l  r e s i s t a n c e  
o f  e le m e n ts  t o  s l i p ,  i t  was c o n s i d e r e d  d e s i r a b l e  t o  examine 
i t s  i n f l u e n c e  a f t e r  a  p e r i o d  o f  t i m e .  The p ro b lem  o f  t h e
b a c k - p r e s s u r e /
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b a c k - p r e s s u r e  tonnage  r e q u i r e d  to  d i s m a n t l e  e l e m e n t s  a  few 
y e a r s  a f t e r  h a v in g  been assem bled  h a s ,  i n  g e n e r a l ,  n e c e s s i t a t e c  
th e  i n s t a l l a t i o n  o f  l a r g e r  and more p o w e r f u l  p r e s s e s .
Time would a p p ea r  t o  i n f l u e n c e  c o n s i d e r a b l y  t h e  a c t i o n  o f  
th e  f i l m  on th e  r e s i s t a n c e  o f  t h e  e l e m e n t s  t o  s l i p .
A l u b r i c a n t  which would e s t a b l i s h  s u r f a c e  c o n t a c t  f i l m  
c o n d i t i o n s  ove r  a l o n g  p e r i o d  of  t ime w ould ,  i n  many c a s e s ,  
be most d e s i r a b l e .
I t  was d e c id e d  t o  make f o u r  t r a m c a r  wheel  and a x l e  a s s e m b l i e s  
u s i n g  f o u r  d i f f e r e n t  l u b r i c a n t s ,  w i th  a f i t  a l lo w a n c e  i n  each  
c a se  o f  a p p r o x im a te ly  one h a l f  t h e  f i t  a l lo w a n c e  a d o p te d  i n  
p r a c t i c e .
( I )  Assembly C o n d i t i o n s  ^nd T es t  B e s u l t ~ .
TABLE 19 -  Time E f f e c t  on Grip  o f  Fo rce  F i t  Assembly.
Assembly
Ho.
F i t  
Allowance 
Thousandth® 
o f  an i n c h .
L u b r i c a n t
Max.
P r e s s i n g -
on
T onnage .
B a c k - p r e s s u r e  tonnage
A f t e r
Assembly
A f t e r  8 
m o n th s .
1 4 .5 H e a t s f o o t  o i l . 32 38 41
2 4 .7 M e r c u r i a l  O i n t . 21 23 49
3 5 .0 Bayonne o i l 46 48 52
4 4 .0 Tal low & 10# 
W hite  Lead.
16 1 7 .5 35
The f i t  a l l o w a n c e s  shown in  T ab le  1 9 .  were b a se d  on 
m easurements  t a k e n  a t  r i g h t  a n g l e s  on f i v e  d i f f e r e n t  p l a n e s  
o f  th e  m a t in g  e l e m e n t s .  The b a c k - p r e s s u r e  v a l u e  i n  each  
c a se  was t a k e n  a s  t h e  tonnage  n e c e s s a r y  t o  p ro d u ce  i n i t i a l  
s l i p .  T h is  r e s u l t e d  i n  an a x i a l  d i s p l a c e m e n t  o f  t h e  wheel  
on i t s  s e a t  o f  a b o u t  h i  i n c h .  P r o v i s i o n  was made f o r  a 
s e r i e s  o f  such d i s p l a c e m e n t s ,  i n  a t im e  e f f e c t  t e s t ,  by 
h a v i n g  t h e  w heel  s e a t  p r o j e c t i n g  1 in ch  beyond t h e  o u t e r  
f a c e  o f  t h e  wheel  b o s s ,  
i t /
I t  i s  shown t h a t  th e  tonnage  t o  p ro du ce  s l i p ,  a f t e r  a p e r i o d  
o f  8 months ,  h a s  i n c r e a s e d  c o n s i d e r a b l y  in  a s s e m b l i e s  1 and 
2 compared w i th  3 and 4 .  These t e s t s ,  t o g e t h e r  w i t h  many 
on sm a l l  s i z e  s t e e l  e l e m e n t s ,  a r e  s t i l l  c o n t i n u i n g .
CONCLUSIONS:
(a )  The d e g re e  o f  a c c u ra c y  o b t a i n e d  i n  m ach in ing  t h e  m a t in g  
s u r f a c e s  o f  an e l a s t i c  g r i p  a ssem b ly  i s  o f  much g r e a t e r  
im po r tan c e  th a n  th e  n a t u r e  o f  t h e  machine f i n i s h  o f  t h e  
s u r f a c e s .
(b)  The m a t e r i a l s  u s e d  in  such a s s e m b l i e s  sh o u ld  be s p e c i f i e d  
by t h e i r  e l a s t i c  p r o p e r t i e s .  The t e s t  p i e c e s  u s e d  f o r  t h i s  
p u rp o se  sho u ld  be t a k e n  from t h a t  p a r t  o f  t h e  e le m e n t  where 
t h e  m a t e r i a l ,  due t o  t h e  p a r t i c u l a r  method o f  m a n u f a c t u r e ,
i s  w e a k e s t .  Bai lway p r a c t i c e  i n  s e l e c t i n g  t h e  web o f  a 
wheel  c e n t r e  i s  shown to  be u n s a t i s f a c t o r y  a s  f a i l i n g  t o  
p r o v i d e  r e l i a b l e  d a t a  on which th e  f o r c e  f i t  a s sem b ly  o f  
wheel  c e n t r e s  may be made.
( c )  E x c e s s iv e  f i t  a l l o w a n c e s  p r o d u c in g  p l a s t i c  f low  
c o n d i t i o n s  i n  t h e  w hee l  c e n t r e  o r  h o l lo w  e le m e n t  are  shown 
t o  p ro du ce  a  c o n d i t i o n  o f  o v e r s t r a i n  l e a d i n g  t o  f a i l u r e  o f  
t h e  g r i p .
(d)  The a x i a l  to nn ag e  r e q u i r e d  t o  make a f o r c e  f i t  a s se m b ly  
c a n n o t  be e x p r e s s e d  i n  t e rm s  o f  t h e  f i t  a l lo w a n c e  a l o n e .
(e )  The e m p i r i c a l  fo rm u la e  p r e s e n t e d  by v a r i o u s  w r i t e r s  
c a n n o t  be r e g a r d e d  a s  p r o v i d i n g  a s a t i s f a c t o r y  b a s i s  on 
which t o  f i x  a f o r c e  f i t  a l l o w a n c e .  The e f f e c t s  o f  t h e  
l u b r i c a n t ,  t h e  u se  o f  which i s  an e s s e n t i a l  r e q u i r e m e n t  in  
t h e  making o f  such a s s e m b l i e s ,  i s  n o t  examined i n  t e r m s  o f  
t h e  q u a l i t y  o f  t h e  g r i p  e s t a b l i s h e d  when such a l l o w a n c e s  
a r e  employed.
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( f )  C u r r e n t  r a i l w a y  p r a c t i c e ?  which f i x e s  t h e  d i f f e r e n c e  in  
t h e  f r e e  d i a m e t e r s  o f  t h e  m a t in g  e le m e n t s  o f  a f o r c e  f i t
a ssem bly  so t h a t  a l o a d  of  10 t o n s  p e r  i n c h  d i a m e t e r  i s
r e q u i r e d  t o  p r e s s  t h e  e le m e n t s  i n t o  p o s i t i o n ,  i s  open to  
c r i t i c i s m .  I t  i s  c o n d i t i o n e d  by workshop methods b a s e d  
on p a s t  e x p e r i e n c e  and custom and n o t  on t h e  r e s u l t s  o f  a
com ple te  i n v e s t i g a t i o n  o f  a l l  t h e  f a c t o r s  which a r e
o p e r a t i v e  in  t h e  making o f  such a s s e m b l i e s .  An o v e r ­
s t r e s s e d  c o n d i t i o n  o f  t h e  wheel  b o s s ,  c o n se q u e n t  t o  t h e  
u s e  o f  a l u b r i c a n t  h a v in g  a  v e r y  p ronounced  o i l i n e s s  w h ic h ,  
i n  g e n e r a l ,  n e c e s s i t a t e s  a  l a r g e  f i t  a l l o w a n c e ,  c a n n o t  be 
r e g a r d e d  a s  t h e  i d e a l  c o n d i t i o n  o f  m a t e r i a l  i n  an e l a s t i c  
g r i p  a ssem bly .
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